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NIGHTTIME  ENHANCEMENTS  IN  IEC 
AT  LOW  LATITUDES 

—  A  STUDY  WITH  REFERENCE  TO  F  REGION 

DYNAMICS 

D  S  V  V  D  Prasad1,  P  V  S  Rama  Rao1,  P  Sri  Ram1,  K  Niranjan1 


The  nighttime  enhancement  (NTE)  in  the  ionospheric  electron  content  (IEC)  are 
observed  over  Waltair  (17.7°N)  and  Calcutta  (22° N),  when  the  equatorial  F  region 
rises  to  higher  altitudes  during  the  post-sunset  hours  over  Kodaikana!  (1CTN).  No 
significant  enhancement  is  seen  at  either  of  the  stations  if  the  altitude  of  the  F  region 
near  the  equatorial  region  is  confined  to  lower  altitudes.  In  addition  to  the  altitude 
rise  at  the  equatorial  region,  an  earlier  post-sunset  reversal  in  the  meridional  neutral 
wind  direction  from  poleward  to  equatorward  also  seems  to  be  a  requisite  condition 
for  the  enhancements  in  IEC  to  occur  at  off-equatorial  regions.  The  observed  features 
are  discussed  in  the  light  of  the  F  region  dynamics. 

Keywords:  equatorial  F  region  height;  ionosonde;  ionospheric  electron  content; 
meridional  neutral  wind;  satellite  beacon 


1.  Introduction 

Sudden  increase  in  the  upward  drift  of  plasma  at  the  equator  during  post-sunset 
hours  is  found  to  be  responsible  for  many  ionospheric  phenomena  observed  in  the 
equatorial  anomaly  region  during  late  evening  hours,  viz.,  the  occurrence  of  irreg¬ 
ularities,  NTE  in  IEC.  During  the  period  of  sunspot  maximum  years  substantial 
redevelopment  of  anomaly  in  the  late  evening  hours  is  observed  after  the  initial 
diurnal  decay  in  IEC  in  the  after-noon  hours.  It  is  known  that  the  vertical  trans¬ 
port  of  plasma  perpendicular  to  the  magnetic  field-lines  is  governed  primarily  by 
E  x  B  drifts  and  along  the  field-lines  at  the  equator  by  diffusion  and  meridional 
neutral  winds  giving  rise  to  a  normal  F  region  anomaly  during  daytime  (Martyn 
1955,  Appleton  1960).  However,  at  sub-tropical  latitudes,  a  post-sunset  increase  in 
the  ionisation  is  often  observed,  which  is  also  basically  due  to  the  equatorial  plasma 
transport  governed  by  E  x  B  and  neutral  winds  (Anderson  and  Klobuchar  1983, 
Balan  and  Bailey  1995).  The  latitudinal  extent  of  such  enhancements  in  IEC  is 
attributed  to  the  maximum  height  rise  of  the  F  layer  over  the  magnetic  equator 
as  well  as  to  the  direction  of  meridional  neutral  winds  (Garg  et  al.  1983,  Balan 
and  Bailey  1995).  A  possible  qualitative  explanation  regarding  the  strength  and 
the  latitudinal  extent  of  the  post-sunset  movement  of  ionisation  anomaly  under  the 
influence  of  E  x  B  drift  and  meridional  wind  is  presented  in  this  paper. 
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2.  Data 

IEC  data  obtained  at  a  low  latitude  station,  Waltair  (17.7°N,  83.3°E)  during 
October  1989  -  November  1990  (average  Rz  =  150)  is  used  to  study  the  charac¬ 
teristics  of  the  nighttime  enhancements.  Simultaneous  data  on  IEC  obtained  at 
Waltair  and  Calcutta,  an  anomaly  crest  station  (22.6°N,  88.4°E)  during  October- 
November  1989  (Rz  =  150)  is  used  to  study  the  latitudinal  extent  of  the  nighttime 
enhancements  (NTE)  in  IEC.  The  ionosonde  data  obtained  at  Kodaikanal  (10°N) 
is  used  to  evaluate  the  variation  in  the  F  region  altitude  over  the  magnetic  equator, 
for  three  typical  days  considered  in  the  present  study.  The  meridional  neutral  wjnd 
velocities  are  computed  from  the  F  region  height  variations  at  Kodaikanal  (10  N) 
and  Ahmedabad  (23°N). 


3.  Results 

3.1  Association  of  NTE  in  IEC  over  Waltair  with  equatorial  F  layer  height 

variations 

The  IEC  variations  at  Waltair  quite  often  show  significant  nighttime  enhance¬ 
ments  during  the  post-sunset  hours  centred  around  2200  hrs  1ST  particularly  during 
the  high  sunspot  activity  periods.  Since  the  occurrence  and  the  magnitude  of  these 
enhancements  in  IEC  show  large  day-to-day  variability,  a  case  study  is  made  in 
an  effort  to  identify  the  possible  mechanisms  responsible  for  such  increases.  Typi¬ 
cal  nocturnal  plots  showing  the  IEC  variations  with  nighttime  enhancement  (16th 
May,  1990)  and  without  nighttime  enhancement  (31st  May,  1990)  are  presented  in 
Fig.  la.  On  16th  May  1990,  the  nighttime  increase  in  IEC  started  from  2100  hours, 
while  on  31st  May  1990,  the  IEC  decreased  monotonically  without  any  nighttime 
enhancement.  The  corresponding  h' F  variations  at  Kodaikanal  (Fig.  lb)  on  16th 
May  show  that  (when  the  NTE  in  IEC  is  present  at  Waltair),  there  is  a  sharp  rise  in 
the  F  region  altitude  at  the  magnetic  equator  starting  from  1800  hrs  1ST  attaining 
a  peak  altitude  of  570  km  between  2000-2100  hrs  1ST.  But,  on  31st  May  1990,  the 
F  region  attained  a  lower  altitude  of  450  km  at  the  magnetic  equator  (when  there 
is  no  NTE  in  IEC  at  Waltair).  Also,  the  sharp  rise  in  the  altitude  of  the  F  region 
seen  on  16th  May  is  absent  on  31st  May  1990. 

3.2  Latitudinal  extent  of  NTE  in  IEC  and  the  F  layer  height  variations  at  the 

equator 

To  specify  the  strength  of  the  NTE  in  IEC,  an  index  basing  on  the  extent  of 
the  enhancements,  is  determined  by  taking  the  ratio  between  the  post-sunset  peak 
value  of  the  enhanced  IEC  at  Calcutta  and  at  Waltair.  The  IEC  variations  during 
three  typical  days  (10th,  3rd  and  4th  November,  1989)  with  different  values  of  NTE 
index  are  presented  in  Fig  2.  On  10th  November,  1989  (Fig.  2a),  the  NTE  index 
is  found  to  be  2.67  where  the  post-sunset  increase  in  IEC  is  more  significant  at 
Calcutta  (with  peak  occurrence  around  2100  hrs  1ST),  whereas  the  increase  is  less 
and  occurred  an  hour  later  (at  2200  hrs  1ST)  at  Waltair.  On  3rd  November,  1989 
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Fig.  1.  Typical  variation  of  a)  IEC  at  Waltair  with  post-sunset  enhancement  and  monotonic 
decrease  and  b)  corresponding  F  layer  height  at  Kodaikanal 

(Fig.  2b),  the  NTE  index  is  found  to  be  1.97  and  the  post-sunset  peak  value  in  IEC 
at  Waltair  is  more  pronounced  (around  2100  hrs  1ST)  than  at  Calcutta  (around 
2000  hrs  1ST).  On  4th  November,  1989  (Fig.  2c),  there  is  no  enhancement  in  IEC 
at  Calcutta,  but  a  pronounced  enhancement  in  IEC  is  observed  at  Waltair  around 
2200  hrs  1ST. 

The  corresponding  F  region  altitude  variations  (h’F)  at  Kodaikanal  during  the 
above  three  days  are  presented  in  Fig.  3.  When  the  NTE  is  seen  both  at  Calcutta 
and  Waltair  with  a  higher  NTE  index  (2.67  on  10th  Nov  ’89),  the  F  region  at 
Kodaikanal  rises  to  470  km.  On  3rd  November  1989,  when  the  NTE  index  is  1.97 
the  peak  altitude  of  F  layer  at  Kodaikanal  is  380  km.  When  the  NTE  in  IEC  is 
present  only  at  Waltair  (on  4th  November,  1989)  the  F  region  altitude  at  Kodaikanal 
is  350  km.  Thus,  it  is  clear  that  whenever  the  peak  altitude  of  the  F  region  at  the 
magnetic  equator  is  higher  during  the  post-sunset  hours,  the  NTE  index  is  larger 
and  the  anomaly  is  more  pronounced  at  higher  latitudes  (Calcutta).  From  a  study 
of  the  data  of  12  typical  days  during  the  period  of  October-November  1989  it  is 
estimated  that,  if  the  maximum  altitude  at  the  magnetic  equator  is  around  400  km, 
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the  NTE  index  goes  up  to  2  units  and  if  the  maximum  altitude  is  above  500  km 
the  NTE  index  is  around  2.5  units.  Thus  it  may  be  inferred  that  the  higher  the 
maximum  altitude  attained  by  the  F  layer  at  equatorial  region,  the  higher  is  the 
NTE  index. 

3.3  Meridional  wind  variation  during  the  presence  and  absence  of  NTE  in  IEC 

The  vertical  drift  of  F  region  around  the  equatorial  latitudes  is  mainly  electrody¬ 
namic  (E  x  B)  in  nature,  while  the  vertical  drift  at  off-equatorial  latitudes  is  effected 
by  the  direction  of  the  meridional  neutral  winds  besides  the  E  x  B  drift.  To  study 
the  meridional  wind  variations  which  effect  the  F  region  ionisation  at  low  latitudes, 
the  meridional  wind  velocity  components  are  calculated  using  the  F  layer  altitude 
variations  at  the  equatorial  (Kodaikanal,  10°N)  and  off-equatorial  (Ahmedabad, 
23°N)  stations,  following  the  method  proposed  by  Krishna  Murthy  et  al.  (1990). 
The  meridional  wind  variations  calculated  during  the  three  typical  days  considered 
above  (10th,  3rd  and  4th  November,  1989)  are  presented  in  Fig.  3b.  The  wind 
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pattern  is  almost  similar  upto  1900  hrs  1ST  during  all  the  three  days.  However,  the 
time  of  reversal  in  the  wind  direction  from  poleward  (-ve  values)  to  equatorward 
(+ve  values)  is  earlier  (around  1915  hrs  1ST)  by  30-45  minutes  on  10th  and  3rd  Nov 
’89,  when  the  NTE  in  IEC  is  present  at  both  the  stations.  While  on  4th  Nov  ’89, 
when  the  NTE  in  IEC  occurred  only  at  Waltair,  the  reversal  in  the  wind  direction 
from  poleward  to  equatorward  is  delayed  and  occurs  later  (around  2000  hrs  1ST). 


4.  Discussion 

When  the  F  region  at  the  equator  is  at  its  peak  altitude,  the  plasma  tries  to 
move  downward  along  the  field  lines  and  towards  sub-tropical  latitudes.  This  move¬ 
ment  ceases  soon  after  the  F  region  drift  becomes  downward.  When  there  is  large 
downward  drift  during  evening  hours,  the  prevailing  meridional  wind,  which  is  equa¬ 
torward  around  that  time,  tries  to  push  the  plasma  along  the  filed  lines  towards 
the  equator  from  the  anomaly  crest  regions  (Balan  and  Bailey  1995).  This  pro¬ 
cess  is  termed  as  the  reverse  movement  of  the  fountain  (Rama  Rao  et  al.  1980, 
Balan  and  Bailey  1995)  and  leads  to  the  reverse  flow  of  plasma  resulting  in  a  strong 
pre-midnight  increase  in  iVmax  and  IEC  at  sub-tropical  latitudes. 

In  the  present  study,  it  is  observed  that  if  the  peak  altitude  attained  by  the  F 
layer  at  equatorial  region  is  higher  and  if  the  reversal  in  the  wind  direction  is  earlier, 
then  the  NTE  index  is  larger.  By  the  time  the  F  region  at  Kodaikanal  reaches  the 
maximum  altitude  (1800-1900  hrs  1ST,  see  Fig.  3a)  on  10th  and  3rd  Nov  ’89,  the 
wind  at  low  latitudes  is  poleward  (Fig.  3b),  which  may  result  in  the  development 
of  a  prominent  post-sunset  anomaly  in  the  ionisation  (Garg  et  al.  1983).  However, 
about  30  minutes  later,  the  wind  becomes  equatorward,  which  pushes  the  ionisation 
up  along  the  field  lines  towards  the  equator  causing  the  reverse  movement  of  the 
anomaly  towards  equator  (Garg  et  al.  1983,  Balan  and  Bailey  1995).  On  4th  Nov 
’89,  when  the  F  region  at  Kodaikanal  reaches  the  maximum  altitude  around  2000 
hrs  1ST,  the  poleward  wind  is  almost  minimised  and  hence  might  have  restricted 
the  movement  of  ionisation  anomaly  to  a  narrow  belt  around  the  magnetic  equator, 
and  hence  the  NTE  in  IEC  on  this  day  is  seen  only  at  Waltair.  The  occurrence 
of  secondary  peak  during  the  post-sunset  hours  in  IEC  appearing  first  at  Calcutta 
(anomaly  crest  station)  and  later  at  Waltair  (low  latitude  station)  indicates  the 
reverse  movement  of  the  plasma  (Balan  and  Bailey  1995).  However,  if  the  F  region 
maximum  altitude  is  lower  at  the  equator  and  the  wind  remains  poleward  for  longer 
time  (i.e.  the  reversal  in  the  wind  direction  is  delayed),  the  development  of  the 
anomaly  during  the  post-sunset  hours  is  confined  only  to  lower  latitudes  (Fig.  2c). 
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SOLAR  AND  MAGNETIC  ACTIVITY  CONTROL 
ON  THE  VHF  IONOSPHERIC  SCINTILLATIONS 
AT  LOW  LATITUDE 

Sushil  Kumar1,  P  K  Purohit1,  A  K  Gwal1 


Solar  and  magnetic  activity  effects  on  VHF  night-time  ionospheric  scintillations 
recorded  during  three  and  half  year  at  Bhopal,  a  station  near  the  northern  crest  of 
the  equatorial  anomaly  in  the  Indian  region  have  been  presented.  The  night  time 
diurnal  scintillation  occurrence  decreases  with  decrease  in  solar  activity.  Monthly 
mean  scintillation  occurrence  changes  according  to  solar  activity  during  E-  and  D- 
months  but  not  so  during  J-months.  The  magnetic  activity  shows  seasonal  effect 
on  scintillations  and,  in  general,  inhibits  the  scintillation  occurrence  in  pre-midnight 
period  and  enhances  little  in  post-midnight  period  especially  after  03h  1ST.  For  most 
of  the  severe  magnetic  storms  in  which  Dst  goes  below  -125  nT  and  recovery  phase 
starts  in  post-midnight  -  dawn  local  time  sector,  strong  post-midnight  scintillations 
which  sometimes  extend  for  several  hours  beyond  the  local  sunrise,  are  observed. 

Keywords:  geomagnetic  activity;  irregularities;  scintillations;  spread-F 


1.  Introduction 

The  radio  wave  scintillation  technique  is  a  simple  and  convenient  method  of 
studying  the  ionospheric  electron  density  irregularities.  At  low  latitudes  the  scin¬ 
tillation  is  basically  a  night-time  phenomenon  associated  with  spread-F  seen  as 
diffuse  F  region  traces  in  ionograms.  It  is  generally  agreed  that,  after  the  local 
sunset,  the  bottomside  F  region  over  the  magnetic  equator  is  subjected  to  gravita¬ 
tional  Rayleigh-Taylor  (R-T)  mechanisms  hence  the  irregularities  known  as  plasma 
bubbles  are  generated  which  rise  to  the  topside  of  ionosphere  due  to  non-linear  evo¬ 
lution  of  EXB  drifts,  and  produce  the  scintillations  at  the  stations  situated  off  the 
magnetic  equator  in  discrete  patches.  Dabas  and  Reddy  (1986)  have  reported  that 
scintillation  activity  up  to  23° N  magnetic  latitude  in  the  Indian  region  during  high 
solar  activity  is  controlled  by  the  generation  of  F  region  irregularities.  It  has  been 
shown  that  plasma  bubbles  have  the  large  N-S  extent  of  more  then  2000  km  on  either 
side  of  magnetic  equator  and  are  strongly  field  aligned  (Weber  et  al.  1982).  With 
an  increasing  interest  in  understanding  of  the  behaviour  of  ionospheric  irregularities 
at  the  magnetic  equator,  some  excellent  efforts  have  been  made  to  examine  the  so¬ 
lar  and  magnetic  activity  control  of  the  occurrence  of  scintillations  associated  with 
ionospheric  irregularities  at  equatorial  and  low  latitudes  (Aarons  et  al.  1980,  Das- 
Gupta  et  al.  1981,  Rastogi  et  al.  1981,  DasGupta  et  al.  1985,  Dabas  et  al.  1989). 
Rastogi  et  al.  (1990)  for  Indian  equatorial  stations  showed  a  very  large  decrease 
in  scintillation  activity  with  decrease  in  solar  activity,  whereas  for  the  American 
sector  they  found  low  dependence  of  scintillations  on  sunspot  number.  Dabas  et 

1  Space  Plasma  Laboratory,  Department  of  Physics,  Barkatullah  University,  Bhopal-462  026, 
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al.  (1989)  considering  the  scintillation  data  from  a  chain  of  stations  extending  from 
the  equator  to  21°N  magnetic  latitude  along  94°E  longitude  in  the  Indian  zone  and 
at  Lunping  (14.09°N  dip  lat.)  in  far  eastern  zone,  have  observed  that  with  increase 
in  magnetic  activity,  the  scintillation  occurrence  increases  in  post-midnight  periods 
in  all  the  longitude  sectors  while  the  pre-midnight  phenomenon  is  dependent  on 
season  as  well  as  on  longitude. 

In  India,  a  network  of  radio  wave  scintillation  recording  stations,  commissioned 
by  the  Department  of  Science  and  Technology,  Govt,  of  India,  New  Delhi,  was 
established  as  a  part  of  All  India  Coordinated  Programme  on  Ionospheric  Thermo¬ 
spheric  Studies  (AICPITS),  to  understand  the  daily,  latitudinal,  longitudinal,  solar 
and  magnetic  activity  variations  of  scintillations.  The  data  recorded  during  Phase 
I  of  the  AICPITS  offer  us  an  excellent  opportunity  to  present  a  study  on  the  solar 
and  magnetic  activity  effects  on  VHF  scintillations  recorded  at  Bhopal,  a  station 
near  the  equatorial  anomaly  crest  in  the  Indian  region. 


2.  Experimental  data 

Radio  signals  at  244  Mhz  from  September  1988  to  December  1991  and  at  250 
MHz  from  October  1992  to  February  1993  were  received  at  Bhopal  (23.5°N,  77.6°E, 
sub-ionospheric  points  for  FLEETSAT  at  400  km;  21.6°N,  77.2°E,  dip  lat.  16.5°N) 
using  a  simple  eleven  element  Yagi-Uda  antenna  and  indigenously  fabricated  VHF 
receiver.  A  single  channel  strip  chart  recorder  was  used  for  recording  the  ampli¬ 
tude  of  signals.  The  244  MHz  signal  could  not  be  recorded  from  February  1992  to 
September  1992  due  to  non-availability  of  this  signal  and  it  took  sometime  to  modify 
the  receiver  capable  of  receiving  the  250  MHz  signal.  The  above  periods  of  scintil¬ 
lation  observations  correspond  to  higher  solar  activity  phase  of  solar  cycle  22  with 
its  maxima  in  1989.  Quarter  hourly  scaling  of  scintillations  having  peak-to-peak 
fluctuations  >  1  dB  forms  the  basis  of  data  for  analyses. 

3.  Results 

3.1  Solar  activity  variation  of  scintillations 
To  study  the  effect  of  solar  activity  on  scintillations,  the  diurnal  variation  of 
scintillation  occurrence  has  been  plotted  in  Fig.  1  wherein  mean  sunspot  numbers 
have  been  indicated  on  respective  curves.  It  can  be  seen  that  peak  scintillation 
occurrence  at  around  2200 1ST,  was  20%  during  1989,  15%  during  1990,  13%  during 
1991  and  10%  during  October  1992  to  February  1993  which  indicates  a  strong 
dependence  of  scintillation  activity  on  solar  activity.  Pathak  et  al.  (1995)  working 
on  244  MHz  scintillations  at  Rajkot  located  in  the  anomaly  crest  region  in  India 
have  shown  the  similar  trend  of  decrease  in  night-time  scintillation  occurrence  from 
1989-1991  but  the  occurrence  at  Rajkot  was  larger  as  compared  to  that  at  Bhopal. 
It  is  mainly  due  to  the  fact  that  at  Rajkot  the  scintillations  of  magnitude  >  .5 
dB  were  taken  for  analysis  whereas  in  this  paper  the  scintillations  >  1  dB  have 
been  considered.  It  can  not  be  accounted  for  the  longitudinal  difference  because 
the  magnetic  declination  angles  at  Bhopal  and  Rajkot  are  nearly  the  same.  The 
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LOCAL  TIME  (82-5°  EMT) 

Fig.  1.  Nocturnal  variation  of  percentage  occurrence  of  scintillations  during  1989,  1990,  1991  and 
October  1992  to  February  1993  with  respect  to  averaged  sunspot  numbers 

difference  in  magnetic  dip  angle  at  these  two  stations  is  approximately  1°.  Month- 
to-month  variation  of  mean  percentage  occurrence  of  scintillations  for  the  years 
1988-1991,  the  annual  sunspot  number  (R)  being  98,  154,  145  and  121,  has  been 
plotted  together  with  the  sunspot  number  in  Fig.  2.  It  is  clearly  seen  from  this 
figure  that  there  is  an  increase  in  scintillation  activity  corresponding  to  the  increase 
in  sunspot  numbers  during  E-  and  D-months.  During  the  decreasing  phase  of  solar 
activity  the  scintillations  are  found  to  decrease,  during  E-  and  D-months.  But 
during  J-months  there  is  no  significant  change  in  occurrence  of  scintillations  with 
change  in  solar  activity.  Another  feature  of  interest  is  that  although  the  scintillation 
activity  changed  with  the  solar  activity  but  the  equinoctial  maxima  are  always  most 
prominent  in  every  year  during  1989-1991.  The  positive  association  of  scintillation 
activity  with  sunspot  number  (Fig.  2)  is  in  good  agreement  with  results  reported 
by  Rastogi  et  al.  (1990)  for  equatorial  stations  in  the  Indian  region  and  by  Pathan 
et  al.  (1991)  for  the  Indian  low  latitude  station  Karur  (3.4°N  dip  lat.)  during  E- 
and  D-months.  The  solar  activity  effects  reported  here  are  consistent  with  previous 
results  by  DasGupta  et  al.  (1981)  and  Pathak  et  al.  (1995)  for  the  Indian  anomaly 
crest  stations  Calcutta  (23°N,  88.5°E)  and  Rajkot  (22.3°N,  70.7°E)  respectively  for 
all  the  three  seasons. 
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Fig.  2.  Monthly  variation  of  percentage  occurrence  of  scintillations  averaged  for  night-time  1800 
to  0600  hrs  and  mean  sunspot  numbers 

3.2  Magnetic  activity  effects  on  scintillations 

Percentage  occurrence  of  scintillations  has  been  taken  for  five  international  quiet 
(Q)  and  five  international  disturbed  (D)  days  from  every  month’s  from  September 
1988  to  December  1991.  The  occurrence  of  scintillations  between  18  hrs  to  06 
hrs  (82.5°EMT)  on  Q-  and  D-days  for  three  seasons;  E-months,  D-months  and 
J-months  and  their  annual  average  are  shown  in  Fig.  3.  It  is  obvious  from  this 
figure  that  due  to  geomagnetic  disturbances,  the  scintillations  are  inhibited  in  pre¬ 
midnight  period  and  are  increased  in  post-midnight  period,  especially  after  the 
0300  hrs  1ST,  during  E-  and  D-months.  The  degree  of  suppression  of  scintillations 
in  pre-midnight  on  D-days  during  E-months  is  larger  as  compared  to  that  during 
D-months.  But  during  J-months  on  D-days  the  scintillations  are  first  increased 
in  early  pre-midnight  period  then  decreased  and  again  increased  in  post-midnight 
period.  The  annual  geomagnetic  disturbance  effect  shows  a  clear  suppression  of 
scintillations  in  pre-midnight  and  in  early  post-midnight  periods  (before  0300  1ST) 
whereas  in  post-midnight  period  (after  0300)  the  scintillations  are  increased. 

To  understand  the  variation  of  scintillation  activity  under  magnetic  storm  con¬ 
ditions,  the  Dst  index  which  is  the  measure  of  ring  currents  at  low  latitudes,  has 
been  used  as  a  measure  of  magnetic  activity.  The  general  features  of  the  storms  for 
which  scintillation  data  are  available  have  been  given  in  Table  I.  The  night  0  is  the 
night  of  storm  onset  and  night  1  and  night  2  are  next  two  nights  following  the  onset 
day.  The  behaviour  of  scintillation  activity, on  13  March  1989  has  been  presented 
in  Fig.  4. 

Storm  of  13  March  1989  —  This  particular  storm  of  13  March  1989  was  one  of 
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BHOPAL  (  23.2°  N  ,  77.6°  E  J 


Fig.  3.  Nocturnal  variation  of  percentage  occurrence  of  night-time  scintillations  on  geomagnetically 
quiet  and  disturbed  days  for  different  seasons  of  the  year 

13-3-89  14-3-89  15-3-89 


Fig.  4.  Scintillation  activity  connected  with  the  geomagnetic  storm  of  13  March,  1989  as  indicated 

by  equatorial  Dst  variations 

the  most  severe  events  in  the  recent  years.  The  Dst  value  had  its  lowest  value  —599 
nT  at  0630  1ST  on  March  14.  Ap  index  was  246  on  March  13.  The  Kp  index  varied 
from  60  to  90  between  the  first  and  the  eighth  3-hour  period.  The  sum  of  Kp  on 
March  13  was  650.  From  the  curve  in  Fig.  4  it  can  be  noted  that  a  very  strong 
scintillation  activity  with  fast  fading  rate  extending  well  beyond  the  local  sunrise, 
was  observed.  This  storm  was  accompanied  by  major  polar  cap  absorption  events, 
extensive  proton  precipitation  and  the  usual  red  auroras  (Campbell  1996).  The 


Acta  Geod.  Geoph.  Hung.  33,  1998 


14 


S  KUMAR  et  al. 


Table  I.  Nighttime  scintillation  activity  connected  with  geomagnetic  storms  in  which  Dst  de¬ 
creases  below  -75  nT  and  the  recovery  phase  lasts  from  post-midnight  to  dawn  in  the  local 

morning  time  sector 


s. 

No. 

Storm  day 

Sudden 

commence¬ 

ment 

Recovery 
phase  day: 
time  (UT) 

Min 

DST 

(nT) 

Night  0 
pre  post 

Night  1 
pre  post 

Night  2 
pre  post 

1 

17  Dec  1988 

1826 

18  Dec  0100 

-75 

- 

- 

- 

- 

- 

- 

2 

25  Dec  1988 

0400 

25  Dec  1900 

-84 

- 

- 

ND 

ND 

- 

- 

3 

11  Jan  1989 

1205 

11  Jan  2200 

-132 

- 

o 

- 

- 

O 

o 

4 

20  Jan  1989 

1130 

20  Jan  2000 

-122 

O 

o 

ND 

ND 

O 

o 

5 

13  Mar  1989 

0127 

14  Mar  0100 

-599 

- 

o 

- 

- 

o 

o 

6 

27  Mar  1989 

1342 

29  Mar  2200 

-131 

ND 

- 

- 

- 

- 

- 

7 

21  Aug  1989 

1416 

21  Aug  2200 

-87 

O 

- 

O 

- 

- 

- 

8 

17  Nov  1989 

0925 

17  Nov  2300 

-266 

- 

o 

- 

O 

o 

- 

9 

25  Mar  1990 

0000 

25  Mar  0000 

-116 

O 

o 

o 

- 

- 

- 

10 

27  Nov  1990 

0230 

27  Nov  2200 

-136 

o 

o 

- 

- 

o 

- 

11 

24  Mar  1991 

0300 

25  Mar  0100 

-77 

o 

0 

- 

o 

- 

— 

12 

04  Apr  1991 

1121 

04  Apr  2200 

-298 

- 

- 

- 

ND 

- 

- 

13 

04  Jun  1991 

0377 

05  Jun  2100 

-213 

- 

o 

- 

O 

- 

o 

14 

30  Aug  1991 

0701 

30  Aug  2100 

-111 

- 

- 

- 

- 

- 

- 

15 

01  Nov  1991 

1100 

01  Nov  2000 

-192 

" 

1ST  =  UT  +  5.5  Hrs 

O:  Scint.  Present;  No  Scint.;  ND:  No  Data 


auroral  zone  was  displaced  to  mid- latitudes;  there  were  simultaneous  electric  power¬ 
line  outages  (from  current  induction)  throughout  the  province  of  Quebec,  Canada, 
and  northern  USA  implying  that  maximum  field  effects  were  located  around  those 
locations  (Allen  et  al.  1989).  Aarons  and  GasGupta  (1984)  have  reported  similar 
event  of  post-midnight  scintillation  extending  into  daytime  at  Huancayo  near  the 
magnetic  equator  and  Ascension  Island  near  the  anomaly  crest  region.  DasGupta 
et  al.  (1985)  studied  a  number  of  post-midnight  scintillation  events  extending  into 
daytime  and  reported  them  to  be  related  to  the  maximum  negative  excursion  of 
horizontal  intensity  of  the  geomagnetic  field  occurring  in  the  0000-0600  hrs  local 
time. 

The  intense  scintillations  with  fast  fading  rate  observed  during  the  recovery 
phases  of  these  storms,  show  the  generation  of  new  intense  and  fast  moving  irreg¬ 
ularities  as  the  depth  of  fading  is  an  indication  of  intense  irregularity  and  higher 
fading  rate  indicates  the  faster  motion  of  irregularities.  From  the  Fig.  4  and  Table 
I  it  can  be  shown  that  for  most  of  the  storms  the  recovery  phase  of  which  starts  in 
the  post-midnight  to  dawn  local  time  sector,  and  D8t  decreases  below  —125  nT,  the 
probability  of  occurrence  of  scintillation  activity  is  enhanced  from  post-midnight 
to  local  morning  hours.  During  the  main  phase  of  the  storms  the  night-time  scin¬ 
tillation  activity  remains  unaffected.  Under  severe  magnetic  storm  conditions,  the 
pre-midnight  scintillations  which  are  rarely  observed  may  be  due  to  residuals  of 
drifting  clouds  of  irregularities  which  have  been  generated  before  the  storm  onset. 
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4.  Discussion 

The  gravitational  Rayleigh-Taylor  (R-T)  mode  which  includes  electric  field  and 
neutral  wind  terms  is  believed  to  be  the  primary  source  for  the  generation  of  ir¬ 
regularities  over  the  magnetic  equator.  The  geometry  of  field  lines  and  ray  path 
from  FLEETSAT  (73°E)  to  Bhopal  indicate  that  irregularities  must  rise  over  the 
magnetic  equator  to  about  800  km  or  more  to  produce  the  scintillations.  The  irreg¬ 
ularities  which  cause  scintillations  at  the  locations  like  Bhopal  drift  eastward  with 
the  velocity  ranging  from  180  m/s  to  55  m/s  during  the  night  and  ranging  from  120 
m/s  to  50  m/s  in  case  of  geomagnetic  disturbances  (Kumar  et  al.  1995). 

DasGupta  et  al.  (1981)  studied  the  solar  activity  control  of  the  occurrence  of  136 
MHz  scintillations  at  Calcutta  (16.5°N  dip  lat.),  a  station  near  the  anomaly  crest 
region  in  the  Indian  zone,  and  found  that  the  occurrence  of  scintillations  during 
E-  and  D-months  increases  with  solar  activity  while  remains  virtually  constant 
during  J-months.  Rastogi  et  al.  (1990)  and  Pathan  et  al.  (1991)  showed  a  strong 
dependence  of  equatorial  scintillations  on  the  sunspot  number  in  the  Indian  region. 
Pathan  et  al.  (1992)  have  shown  that  occurrence  of  scintillations  at  Bombay  (13.4°N 
dip.  lat.),  a  temperate  latitude  station,  is  more  controlled  by  solar  activity  than  at 
Trivandrum  (0.3°N  dip.  lat.),  an  equatorial  station  in  the  Indian  region.  They  also 
reported  the  occurrence  of  scintillations  at  Bombay  to  be  of  equatorial  origin  during 
all  the  seasons.  Recently  Pathak  et  al.  (1995)  have  shown  that  at  another  Indian 
anomaly  crest  station  Rajkot  (15.3  dip.  lat.  0  E)  scintillation  occurrence  increases 
with  solar  activity  during  equinoxes  and  winter  whereas  it  decreases  in  summer  with 
solar  activity.  The  three  stations  Rajkot,  Bhopal  and  Calcutta  cover  almost  the 
entire  anomaly  belt  in  the  Indian  region,  therefore,  based  on  the  results  published 
from  Rajkot  and  Calcutta,  and  the  results  presented  here  one  may  now  conclude 
that  characteristics  of  scintillations  in  the  anomaly  crest  region  during  E-  and  D- 
months  are  similar  to  that  seen  at  equatorial  stations  whereas  the  scintillations 
occurring  during  J-months  may  be  due  to  mid  latitude  irregularities.  The  mid¬ 
latitude  ionospheric  scintillations  do  not  occur  so  often  as  the  equatorial  or  high 
latitude  scintillations  (Aarons  1982),  and  do  not  show  significant  variation  with 
solar  activity.  The  scintillations  during  J-months  may  also  be  due  to  sporadic-E  or 
bottomside  spread-F. 

The  strong  and  fast  scintillations  on  VHF  signals  pre-midnight  are  associated 
with  range  type  spread-F  whereas  weak  and  slow  scintillations  in  post-midnight 
are  due  to  frequency  type  of  spread-F  (Huang  1970,  Chandra  and  Rastogi  1974). 
During  high  sunspot  years,  the  range  type  spread-F  is  maximum  pre-midnight  and 
frequency  type  spread-F  post-midnight.  As  the  scintillations  at  Bhopal  station 
seem  to  have  equatorial  origin  during  E-  and  D-months,  therefore,  the  inhibition 
of  scintillation  activity  pre-midnight  in  case  of  magnetically  disturbed  conditions 
may  be  due  to  the  suppression  of  equatorial  range  type  of  spread-F  in  pre-midnight 
period  in  magnetically  disturbed  conditions.  Rastogi  et  al.  (1978)  studied  the  effects 
of  geomagnetic  disturbance  on  equatorial  spread-F  and  found  that  occurrence  of 
range  type  spread-F  is  decreased  on  disturbed  days  in  pre-midnight  hours  during 
E-  and  D-months.  Whereas  the  occurrence  of  frequency  type  spread-F  is  decreased 


Acta  Geod.  Geoph.  Hung .  33,  1998 


16 


S  KUMAR  et  al. 


practically  in  the  night  hours  during  E-  and  D-months,  during  J-months,  they  noted 
the  increase  of  frequency  spread-F  in  the  post-midnight  period.  Farley  et  al.  (1970) 
suggested  the  idea  of  a  threshold  height  above  which  the  F  layer  has  to  rise  before 
the  irregularities  associated  with  spread-F  can  be  generated.  The  inhibition  of  the 
occurrence  of  spread-F  or  scintillations  at  low  latitude  on  geomagnetically  disturbed 
days  in  the  pre-midnight  period  is  due  to  the  reduction  of  the  post-sunset  rise  of 
the  F  layer  in  the  equatorial  region  as  the  increase  in  geomagnetic  activity  limits 
the  height  of  rise  of  the  F  layer  and  reduces  the  probability  of  occurrence  of  the 
equatorial  spread-F  (Alex  and  Rastogi  1987). 

The  strong  post-midnight  scintillations  associated  with  severe  magnetic  storms 
are  explained  in  terms  of  the  reversal  of  the  equatorial  ionospheric  electric  field.  This 
electric  field  plays  a  significant  role  in  the  growth  of  irregularities  near  the  magnetic 
equator,  and  is  affected  by  high  latitude  and  magnetospheric  electric  fields  and  cur¬ 
rent  systems  during  magnetic  storm  conditions.  During  magnetic  disturbances  the 
coupling  of  high  latitude  and  magnetospheric  current  systems  with  the  equatorial 
electric  field  possibly  causes  the  reversal  of  electric  field  from  a  westward  to  an  east¬ 
ward  direction  (Gonzales  et  al.  1979).  The  high  latitude  electric  fields  penetrate  to 
low  latitude  and  can  produce  large  perturbations  in  low  the  latitude  electric  field. 
Nopper  and  Carovillano  (1978)  have  shown  from  model  calculations  that  during 
the  disturbed  periods  only  high  latitude  current  systems  may  produce  significant 
perturbations  even  reversals  of  the  equatorial  electric  field  pattern  and  the  reversals 
are  most  pronounced  in  the  midnight  -  dawn  sector.  Chandra  et  al.  (1995)  recently 
have  shown  that  it  is  the  high  latitude  electric  field  which  during  magnetic  storms 
penetrates  to  low  and  equatorial  latitudes  and  leades  to  the  generation  of  F  region 
irregularities  extending  into  daytime.  The  eastward  electric  field  post-midnight 
may  eventually  lead  under  the  favourable  conditions  to  the  generation  of  irregular¬ 
ities  near  the  magnetic  equator  which  subsequently  rise  to  the  topside  ionosphere 
in  the  form  of  large  plasma  bubbles  and  produce  the  scintillations  at  the  stations 
situated  off  the  magnetic  equator  with  a  certain  time  delay.  At  local  sunrise,  the 
large  conductivity  of  the  E  region  prevents  the  growth  of  plasma  bubble  by  short 
circuiting  the  electric  field  but  sometimes  it  takes  several  hours  for  the  bubbles  to 
decay  thereby  they  cause  scintillations  even  after  sunrise  as  indicated  by  Fig.  4. 
Scintillations  not  associated  with  magnetic  storms  lead  us  to  say  that  not  all  the 
reversals  are  accompanied  by  irregularities.  There  may  be  some  other  components 
which  must  be  present  simultaneously  for  the  generation  of  irregularities  and  these 
components  could  be  neutral  winds  and  large  scale  plasma  density  gradients  which 
are  also  necessary  for  the  R-T  mode  to  be  operative.  The  relative  contributions  of 
ionospheric  and  magnetospheric  currents  in  the  storm  time  affecting  low  latitudes 
vary  with  station  location  and  not  all  the  geomagnetic  storm  effects  to  which  the 
high  latitude  ionosphere  responds  drastically,  reach  low  latitudes. 
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SATELLITE  BEACON  AND  IONOSONDE 
MEASUREMENTS  OF  IONOSPHERIC 
IRREGULARITIES  OVER  INDIA  DURING 
THE  EQUINOCTIAL  MONTH  OF  SEPTEMBER  1991 

P  V  S  Rama  Rao1,  P  Sri  Ram1,  P  T  Jayachandran1,  D  S  V  V  D  Prasad1 


The  spread-F  and  scintillation  observations  made  at  ten  Indian  stations  covering 
8  to  25°N  geographic  latitudes  during  the  equinoctial  month  of  September  1991  are 
used  to  study  the  occurrence  characteristics  of  ionospheric  irregularities  and  their 
association  with  the  changes  in  the  virtual  height  of  the  F  layer  at  an  equatorial 
station,  Trivandrum  (0.3°  S  dip).  No  event  of  scintillation  occurrence  is  observed  at 
off-equatorial  latitudes  (within  the  anomaly  crest  region)  without  their  prior  occur¬ 
rence  at  the  equatorial  station  (Tiruchendur,  2.3°N  dip  which  is  close  to  Trivandrum). 
However,  the  duration  of  scintillations  at  far  equatorial  stations  (10  to  20°  N  dip)  are, 
sometimes,  longer  than  the  durations  at  the  near  equatorial  stations  (0  to  10°N  dip). 
On  such  occasions,  the  onset  of  scintillations  and  spread-F  is  prior  to  the  post-sunset 
reversal  of  the  height  of  the  F  layer  (h'F)  from  upward  to  downward  direction  at  the 
equatorial  station,  Trivandrum.  But,  if  the  duration  of  the  irregularities  is  longer  at 
equatorial  latitudes  and  decreases  towards  higher  latitudes,  the  onset  of  irregularities 
is  observed  to  coincide  with  the  time  of  post-sunset  reversal  in  h'F  at  Trivandrum. 
These  two  types  of  irregularities  are  interpreted  to  be  generated  by  the  two  different 
instability  mechanisms,  namely  E  x  B  drift  and  RT  instability  respectively. 

Keywords:  ionosonde;  satellite  beacon;  scintillations;  spread-F;  virtual  height 


Introduction 

The  equatorial  ionospheric  F  region  irregularities  are  known  to  be  generated  by 
gravitational  Rayleigh-Taylor  instability  mechanism  (GRTI)  in  association  with  the 
E  x  B  (cross-field)  instability  mechanism.  There  appears  to  exist  a  basic  difference 
in  the  occurrence  of  the  above  two  mechanisms,  namely  when  the  gradient  in  the 
electron  density  (Vn)  is  anti-parallel  to  the  gravity  ( g )  and  perpendicular  to  the 
earth’s  magnetic  field  B  the  I|TI  operates,  when  Vn  is  parallel  to  gravity  the  E  x 
B  instability  operates.  As  the  ionospheric  irregularities  are  generated  over  the 
magnetic  equator  and  move  along  the  magnetic  field-lines,  an  attempt  has  been 
made  to  study  the  occurrence  of  spread-F  and  scintillations  at  different  latitudes 
from  equator  to  anomaly  crest  region  in  association  with  the  virtual  height  of  F 
region  (N F)  variations  at  the  magnetic  equator,  so  as  to  see  the  effect  of  these  two 
phenomena  in  the  generation  of  ionospheric  irregularities. 
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Data 

Digital  ionosondes  (KEL)  are  operated  at  Trivandrum  (0.3°S  dip),  Waltair  (20°N 
dip)  and  Ahmedabad  (32°N  dip)  during  September  1991  from  which  the  spread-F 
occurrence  and  h'F  parameters  are  taken.  Amplitude  scintillations  at  250  MHz  radio 
beacon  signal  from  FLEETSAT  were  recorded  at  Tiruchendur  (8.6°N),  Payyanur 
(12°N),  Anantapur  (14.5°N),  Nuzvid  (16.8°N),  Waltair  (17.7°N),  Bombay  (19°N), 
Ujjain  (23.3°N)  and  Varanasi  (25.2°N)  during  the  same  period. 
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I  S  T  in  Hours 

Fig.  2.  Onset  of  irregularities  coinciding  with  the  post-sunset  reversal  in  h'F  at  Trivandrum 

Results 

The  monthly  average  percentage  occurrence  of  scintillations  from  all  the  above 
mentioned  eight  stations  are  computed  and  presented  in  Fig.  1.  The  peak  occurrence 
of  scintillations  is  observed  at  all  the  stations  (except  at  Tiruchendur)  about  an 
hour  after  the  sunset  followed  by  a  gradual  decrease  with  local  time.  The  peak 
percentage  occurrence  also  gradually  decreased  with  the  increase  of  latitude.  At 
Varanasi  (beyond  the  crest  of  the  anomaly)  the  scintillation  occurrence  during  the 
post-midnight  hours  is  almost  absent. 

The  onset  of  scintillations  is  found  to  generally  ‘coincide  with’  or  ‘follow’  the 
post-sunset  reversal  in  h'F  variation  at  Trivandrum  (an  equatorial  station).  How¬ 
ever,  on  two  occasions,  it  is  seen  that  the  occurrence  of  irregularities  started  well 
ahead  of  the  post-sunset  reversal  of  h'F  at  Trivandrum.  To  study  the  observed 
differences  in  the  onset  of  irregularities  (spread-F  and  scintillations)  a  comparison 
is  made  with  reversal  time  of  h'F  on  some  typical  days.  On  20th  September  1991 
(Fig.  2),  the  onset  of  spread-F  at  Trivandrum  coincided  with  the  post-sunset  reversal 
in  h'F  at  Trivandrum  (an  equatorial  station).  On  this  day  the  amplitude  scintilla¬ 
tions  are  observed  for  long  duration  up  to  the  latitude  of  Bombay  (19°N),  while  at 
Ujjain  (23.3°N)  the  scintillations  are  observed  only  for  about  30  minutes  duration. 
Though  the  occurrence  of  spread-F  and  scintillations  at  the  stations  shown  in  this 
figure  is  significant  during  the  pre-midnight  hours,  they  are  not  so  prominent  dur¬ 
ing  the  post-midnight  hours.  Similar  feature  is  also  seen  on  19th  September  1991 
(Fig.  3). 
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Fig.  3.  Onset  of  irregularities  coinciding  with  the  post-sunset  reversal  in  h'F  at  Trivandrum 


In  the  other  type  of  occurrence  of  irregularities  where  the  onset  preceded  the 
post-sunset  reversal  in  /i/F  at  Trivandrum  (on  17th  and  21st  September  1991,  Figs 
4  and  5),  the  occurrence  of  irregularities  is  almost  similar  in  durations  during  pre- 
and  post-midnight  periods.  On  these  days,  the  scintillations  are  observed  for  longer 
durations  even  at  Ujjain  on  17th  September  1991  (Fig.  4),  while  on  21st  September 
1991  (Fig.  5),  there  is  spread-F  during  the  post-midnight  hours  at  Trivandrum  and 
Waltair  and  scintillations  occurred  for  longer  durations  even  up  to  Bombay  (19°N) 
and  significant  scintillations  are  observed  even  at  Ujjain  and  Varanasi. 


Discussion 

The  various  diagnostic  techniques  established  that  the  equatorial  spread-F  (ESF) 
irregularities  occur  over  a  wide  range  of  scale  sizes  from  a  few  tens  of  kilometres 
to  a  few  centimetres  and  as  such  it  has  become  evident  that  no  single  instability 
mechanism  can  account  for  the  observed  wide  range  of  scale  sizes  (Krishna  Murthy 
1993).  By  considering  all  the  possible  sources  for  the  growth  of  ESF  irregularities, 
Krishna  Murthy  (1993)  has  given  a  comprehensive  equation  for  the  generalised  RT 
growth  rate  as: 

7  =  (1  IM)[{gluinL)  4-  (j EX/BL)  +  (U  uin/UiL)  + 

+((1/Af)  -  1  )(W/L)  +  ((1/M)  -  1  )  (17/01 , 

where  g  is  acceleration  due  to  gravity,  Ex  is  the  eastward  electric  field,  B  is  the 
magnetic  field,  L  is  the  gradient  scale  length  (equal  to  N(dN / dh)  *),  U  is  the  zonal 
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Fig.  4.  Onset  of  irregularities  preceding  the  post-sunset  reversal  in  hf F  at  TWvandrum 


wind,  Uin  is  the  ion-neutral  collision  frequency,  M  is  the  shorting  factor  depending 
on  the  conductivities  of  the  E  and  F  layers,  W  is  the  vertical  winds  and  l  is  equal 
to  [(1  / N)(dN j dy)]~l  where  y  is  the  element  length  in  E-W  direction.  In  the  above 
equation,  the  first  term  represents  the  growth  rate  due  to  collisional  instability,  the 
second  term  to  electric  field,  third  term  to  zonal  wind  and  density  gradient,  fourth 
term  to  the  vertical  wind  and  the  fifth  term  to  zonal  wind.  The  first  four  terms 
depend  on  the  vertical  gradient  of  the  electron  density  while  the  fifth  term  depends 
on  the  horizontal  density  gradient  (Krishna  Murthy  1993).  The  effect  of  the  last 
two  terms  becomes  maximum  when  the  integrated  Pederson  conductivities  of  the 
E  and  F  regions  become  equal.  This  situation  arises  before  or  just  after  sunset, 
when  the  E  region  conductivity  is  still  significant  and  thus  is  comparable  to  that  of 
the  F  region.  These  mechanisms  (corresponding  to  the  last  two  terms  of  the  above 
equation)  may  thus  account  for  the  early  onset  of  ESF,  provided  U  and  W  are  in 
proper  direction  with  respect  to  g  (Krishna  Murthy  1993). 

The  gravitational  RT  instability  mode  is  reported  to  be  stable  at  latitudes  be¬ 
yond  the  anomaly  crest  regions,  while  E  x  B  mode  is  unstable  at  all  latitudes  when 
the  electric  fields  are  eastward  (Maruyuma  1990).  However,  the  plasma  analogy 
of  the  classical  gravitational  RT  instability  occurs  when  the  acceleration  due  to 
gravity  g  is  anti-parallel  to  the  electron  density  gradient,  (n  with  both  of  them  per¬ 
pendicular  to  the  magnetic  field  B.  Such  a  situation  always  exists  in  the  equatorial 
bottomside  F  region.  Hence  in  the  present  study,  when  the  onset  of  irregularities 
coincide  or  follows  the  reversal  in  h1  F,  the  above  condition  of  RT  instability  holds 
good.  In  this  case,  the  irregularities  generated  are  confined  to  midnight  hours  and 


Acta  Geod.  Geoph.  Hung.  33,  1998 


24 


P  V  S  RAMA  RAO  et  al. 


500 


400 


300 

£ 

c 

%  200 


100 

0 

18  20  22  00  02  04  06 

I  S  T  in  Hours 

Fig.  5.  Onset  of  irregularities  preceding  the  post-sunset  reversal  in  h'F  at  Ttivandrum 

are  restricted  to  lower  latitudes.  In  the  other  case,  when  the  onset  of  irregulari¬ 
ties  preceded  the  reversal  in  h'F  (i.e.,  Vn  is  parallel  to  g)  at  an  equatorial  station, 
the  horizontal  gradient  (just  after  sunset)  might  also  effect  (last  two  terms  of  the 
above  equation)  the  growth-rate  of  the  irregularities.  These  irregularities  triggered 
by  the  E  x  B  instability  aided  by  the  general  RT  instability  mechanism,  provide  a 
condition  favourable  for  the  sustenance  of  irregularities  for  longer  durations,  hence 
the  occurrence  of  irregularities  is  seen  well  beyond  the  midnight  period  as  well  as 
beyond  the  anomaly  crest  region. 
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TIME  SERIES  MODELLING 
OF  INTENSITY  AND  PHASE  SCINTILLATION 
AT  GPS  FREQUENCIES 

M  A  Cervera1  and  M  F  Knight2 


A  model  based  on  phase  screen  diffraction  theory  is  developed  to  simulate  time 
series  of  scintillating  trans-ionospheric  radio  signals.  The  main  purpose  of  the  syn¬ 
thetic  scintillation  time  series,  or  SSTS,  model  is  to  test  various  GPS  receiver  systems 
under  scintillation  conditions.  In  order  to  do  this,  the  modelled  scintillation  data  is 
designed  to  be  input  into  a  model  of  a  GPS  receiver  tracking  loop.  It  is  noted  that 
although  the  main  interest  here  is  in  GPS,  the  SSTS  model  may  also  be  used  at  other 
radio  frequencies  and  for  other  transmitter-receiver  links  (e.g.  satellite  based  com¬ 
munication  systems).  In  this  paper  the  SSTS  model  is  described  and  preliminary 
results  are  presented  showing  the  effects  of  scintillation  on  a  second  order  Costas 
loop.  The  Costas  loop  is  commonly  used  in  GPS  receivers  for  tracking  the  phase  of 
the  GPS  carrier. 

Keywords:  ionosphere;  ionospheric  irregularities;  ionospheric  scintillation;  scin¬ 
tillation  modelling 


1.  Introduction 

The  scintillation  of  radio  signals  due  to  their  propagation  through  ionospheric 
irregularities  is  rapidly  becoming  an  important  issue  for  GPS  receivers  operating 
in  equatorial  regions  where  these  irregularities  occur.  Irregularities  in  the  electron 
density  of  the  equatorial  ionosphere  have  length  scales  ranging  from  a  few  meters  to 
many  kilometres,  and  can  cause  diffraction  and  refraction  at  GPS  frequencies.  These 
effects  give  rise  to  temporal  fluctuations  in  the  signal  intensity  and  phase  at  the  re¬ 
ceiver  and  are  referred  to  as  scintillations.  Strong  scintillation  conditions  cause  deep 
fading  to  occur  in  the  signal  intensity  as  well  as  rapid  changes  in  the  carrier  phase. 
Such  effects  can  severely  degrade  the  performance  of  GPS  receiver  tracking  loops 
and  may  even  cause  a  complete  loss  of  lock.  The  impact  on  a  receiver’s  navigational 
accuracy  will,  however,  depend  on  the  number  of  receiver  channels  which  have  been 
affected,  as  well  as  the  geometry  of  the  remaining  unaffected  constellation. 

The  synthetic  scintillation  time  series  (SSTS)  model  has  been  developed  in  or¬ 
der  to  understand  and  quantify  the  effects  described  above.  The  model,  which  is 
described  in  Section  2,  generates  synthetic  time  series  of  amplitude  and  phase  per¬ 
turbations  which  are  experienced  by  radio  signals  as  they  traverse  the  ionosphere 
under  disturbed  conditions.  These  data  may  then  be  input  into  models  of  various 
GPS  receiver  architectures  and  systems  to  determine  how  scintillation  phenomena 
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stress  the  receiver  tracking  loops  and  degrade  the  receiver  performance.  The  de¬ 
tailed  testing  and  modelling  of  GPS  receivers  is  beyond  the  scope  of  this  paper. 
However,  preliminary  results  using  a  second  order  Costas  loop  to  simulate  a  generic 
GPS  receiver  carrier  tracking  loop  are  presented. 

2.  The  synthetic  scintillation  time  series  (SSTS)  model 

The  approach  used  in  the  SSTS  model  is  to  characterise  the  signal  statistically 
(i.e.  the  appropriate  probability  density  functions  and  power  spectra  etc.)  and  then 
produce  realizations  of  the  data  which  conform  to  that  statistical  description.  The 
Wide  Band  Model  (WBMOD)  of  global  scintillation  activity  (Secan  et  al.  1995), 
is  used  to  generate  various  parameters  describing  the  scintillation  and  ionospheric 
irregularities  which  are  required  by  SSTS  for  the  given  conditions.  In  this  manner, 
a  complete  environmental  model  of  ionospheric  scintillation  is  specified. 

There  are  several  important  considerations  in  developing  a  model  of  scintillation 
time  series.  These  are:  1.  The  amplitude  and  phase  data  must  have  appropriate 
PDFs,  2.  Amplitude  and  phase  data  must  be  appropriately  correlated  e.g.  large 
phase  variations  are  observed  when  deep  amplitude  fading  occurs,  3.  The  data  must 
have  appropriate  power  spectra,  4.  The  model  should  be  based  on  a  propagation 
theory  of  radio  waves  through  turbulent  media,  and  5.  As  previously  mentioned, 
the  model  should  be  related  to  the  environment  though  parameters  supplied  by 
WBMOD.  Each  of  these  points  will  be  considered  in  turn. 

The  probability  density  functions  describing  the  scintillation  of  radio  signals 
which  have  traversed  a  disturbed  ionosphere  are  Nakagami-m  for  amplitude  and 
Gaussian  for  phase  (Fremouw  et  al.  1980,  Whitney  et  al.  1972,  Crane  1977). 
Respectively,  these  are  given  by: 


P^  =  T  t)<r'>~e~mr'<r>' 

(1) 

FaW  ’  ' 

(2) 

where  F  is  the  gamma  function,  r  and  0  are  the  amplitude  and  phase  of  the  signal, 
and  (Ty  is  the  standard  deviation  of  the  phase  fluctuations  or  the  phase  scintillation 
index.  The  m-parameter  in  the  Nakagami-m  distribution  is  related  to  the  Sa  index 
by  m  =  1/SJ.  For  large  values  of  m  (small  54)  the  Nakagami-m  distribution 
approaches  the  Gaussian  distribution.  As  S4  increases,  the  Nakagami-m  distribution 
tends  toward  the  Rayleigh  distribution  and  becomes  Rayleigh  when  S4  equals  1.0. 

In  order  to  fully  describe  the  statistics  of  scintillating  signals,  a  joint  PDF  of 
amplitude  and  phase  is  required.  The  reason  for  this  is  that  one  would  expect 
the  amplitude  and  phase  fluctuations  to  be  correlated  to  some  degree.  This  is 
because  as  the  amplitude  fades,  the  phase  becomes  more  variable  and  will  eventually 
become  meaningless  when  the  amplitude  falls  to  zero  (i.e.  the  phase  may  take  on 
any  value).  Thus,  when  large  amplitude  fading  is  observed,  so  too  are  large  phase 
variations.  It  is  important  for  this  behaviour  to  be  included  in  the  generation  of 
synthetic  scintillation  time  series  data  because  it  is  much  harder  for  a  receiver  to 
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maintain  lock  on  a  signal  when  deep  fading  and  large  rates  of  change  of  phase  occur 
simultaneously. 

Various  schemes  have  attempted  to  model  the  joint  statistics  of  scintillating 
signals  based  on  Gaussian  and  log-normal  distributions  for  the  amplitude  (Fremouw 
et  al.  1980).  However,  these  schemes  are  quite  complicated  and  do  not  describe  the 
amplitude  PDF  as  accurately  as  the  Nakagami-m  distribution  which  was  designed 
specifically  to  describe  intensity  fading  (Nakagami  1960).  Due  to  the  complexity 
of  the  joint  statistics,  a  joint  PDF  incorporating  the  Nakagami-m  distribution  for 
amplitude  and  the  Gaussian  for  phase  has  not  been  developed.  The  method  that 
has  been  developed  to  include  the  joint  statistics  will  not  be  described  here  except 
to  say  that  it  is  not  based  on  analytical  techniques,  but  rather  on  Monte-Carlo 
methods.  The  technique  will  be  described  in  detail  in  a  subsequent  paper. 

The  power  spectra  of  scintillating  signals  is  determined  through  an  analysis  of 
the  propagation  of  the  radio  waves  through  a  disturbed  ionosphere.  The  parabolic 
equation  method  (PEM)  (see  e.g.  Yeh  and  Liu  1982)  is  used  to  describe  the  prop¬ 
agation  of  radio  waves  through  both  the  turbulent  media  and  free-space  to  the 
receiver,  while  the  effect  of  the  turbulent  media  on  the  radio  waves  is  determined 
from  phase  screen  diffraction  theory  (Briggs  and  Parkin  1962,  Buckley  1971a,  1971b, 
Rino  1979a,  1979b,  1982,  Rino  and  Owen  1984,  Yeh  and  Liu  1982).  For  a  single 
thin  phase  screen  the  following  expressions  for  the  spatial  power  spectrum  of  the 
log-amplitude,  x,  and  phase  departure,  tp,  of  the  radio  waves  at  the  receiver  may 
be  derived  (Yeh  and  Liu  1982): 

$x(k±)  —  27rLsA2rg  sin2(«;]_z/2A:)$A^(/cx?  0)  j 

(o ) 

$v(kx)  =  2TrLs\2rjcos2(K\z/2k)$&N{K±,0) , 

where  Ls  is  the  ‘slant’  thickness  of  the  phase  screen  (i.e.  the  irregularity  layer), 
z  is  the  distance  from  the  phase  screen  to  the  receiver,  re  is  the  classical  electron 

radius,  A  and  k  are  the  wavelength  and  wave  number  of  the  radio  waves,  and  4>ajv 
is  the  3-dimensional  spatial  spectrum  of  the  ionospheric  irregularities. 

In  order  to  proceed  it  is  necessary  to  relate  Ls  to  the  thickness  of  the  irregularity 
layer,  L,  and  z  to  the  height  of  the  phase  screen,  h.  The  curvature  of  the  Earth’s 
surface  must  also  be  considered  in  this  analysis.  Figure  1  displays  the  geometry  of 
the  situation.  From  this  figure  it  is  possible  to  show  that 

z  =  [(h  +  Re)2  -  (Re  +  a)2  cos2  0']1/2  -  (Re  +  a)  sin  9' ,  (4) 


and 

Ls  =  [(L  +  h  +  Re)2  -  (Re  +  a)2  cos2  9']1'2  -  [(h  +  Re)2  -  (Re  +  a)2  cos2  6>']1/2 ,  (5) 


where  Re  is  the  radius  of  the  Earth,  a  is  the  altitude  of  the  receiver,  and  O’  is  the 
elevation  angle  of  the  satellite  as  seen  from  the  reciever.  From  simple  trigonometry 

it  may  be  shown  that  0 ’  is  related  to  the  elevation  of  the  satellite,  0 ,  by: 


tan  O’  =  tan  0  — 


_ a  sec# _ 

[( hs  +  Re )2  -  R  cos2  O']1/2  —  RsinO1  5 


(6) 


where  hs  is  the  height  of  the  satellite. 
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Fig.  1.  Geometry  of  the  signal  propagation  path  where  ‘S’  is  the  satellite,  ‘C5  the  centre  of  the 
Earth,  ‘R’  the  receiver,  and  ‘G’  the  point  on  the  ground  directly  below  the  receiver.  See  text  for 

further  details 

An  appropriate  expression  for  $an  is  now  required.  A  fundamental  requirement 
for  the  3D-spatial  spectrum  is  that  it  must  have  a  breaking  (or  outer)  scale,  below 
which  the  spectrum  drops  off  as  a  power  law  (the  inertial  range).  Prom  Tatarski 
(1961)  we  have  the  following: 


$jv(k)  = 


_ gjyjo£(p/2) _ 

7r3/2r((p-3)/2)(i  +  ^2)p/2  5 


(7) 


where  aN  is  the  RMS  fluctuation  in  the  electron  number  density  AiV(r)  about  the 
background  AT0,  l0  is  the  outer  scale  size  of  the  structures,  and  p  is  the  spectral 
index  below  the  outer  scale.  An  appropriate  value  for  cr^v  can  be  obtained  from  the 
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following  equation  (Rino  1979a,  1979b,  Rino  and  Owen  1984): 


,  _  cs42~p)r(p/2  - 1) 

N  87r3/2r((p  +  i)/2)  ’  {  > 

where  C8  is  the  irregularity  strength  defined  at  a  wave  number  of  1  radian/m  and 
is  a  function  of  altitude.  From  WBMOD  one  may  obtain  a  value  of  the  irregularity 
strength,  Ck ,  defined  at  a  scale  of  1  km  and  at  the  altitude  of  interest  (i.e.  the  height 
of  the  phase  screen).  This  can  then  be  converted  into  a  value  of  C8.  Alternatively, 
(T jy  may  be  ignored  in  the  calculation  of  $/v(/c)  and  instead  the  final  frequency 
power  spectrum  scaled  such  that  the  spectral  strength  at  a  frequency  of  1  Hz,  T  is 
that  supplied  by  WBMOD. 

The  above  expression  for  $/v(/c)  does  not  include  an  inner  (or  freezing)  scale 
below  which  the  power  spectrum  falls  off  more  rapidly  (the  sub-inertial  range). 
Whitter  (1992)  introduced  a  freezing  scale  by  modifying  Tatarski’s  result  as  follows: 


$at(k)  = 


_ gfc§r(p/2) _ 

7T3/2r((p  -  3)/2)(l  +  2jfc2)P/2(l  +  /'2K2)(P-P')/2  ’ 


(9) 


where  VQ  is  the  freezing  scale  (VQ  <  /0)5  and  pf  is  the  power  law  drop-off  in  the 
sub-inertial  range  (\p*  >  p\). 

An  alternative  power-law  irregularity  spectrum  with  a  freezing  scale  and  a  sub- 
inertial  range  is  that  introduced  by  Shkarofsky  (1968)  (see  also  Yeh  and  Liu  1982): 


g&M o)(p  3)/2<o3^p/2(<o\A2  +  *o) 

(27r)3/2jRf(p_3)/2(«0^)(i/ v^2-qr^g)p/2  1 


(10) 


where  rc0  =  lo/2n,  Mo  ^  1,  and  Kn(x)  is  the  ni/l-order  modified  Bessel  function 
of  the  second  kind  of  argument  x.  Note  that  in  this  expression  the  sub-inertial 
range  does  not  follow  a  power  law  with  spectral  index  p',  but  rather  an  exponential 
drop-off.  Thus  only  one  spectral  index  parameter,  being  that  for  the  inertial  range, 
is  required  together  with  the  inner  and  outer  scale  sizes  to  describe  the  power 
spectrum. 

The  current  version  of  WBMOD  (13.04)  only  supplies  the  power  law  index  in 
the  inertial  range  and  the  outer  scale.  Thus,  for  current  version  of  the  SSTS  model, 
Ee.  (7)  is  used  to  model  the  spatial  spectrum  of  the  irregularities.  However,  it  is 
intended  that  in  later  versions  of  SSTS,  information  about  the  sub-inertial  range 
will  be  included  when  it  is  made  available  by  a  more  advanced  version  of  WBMOD 
(Secan  et  al.  1995). 

The  frequency  spectrum  of  the  signal  at  the  receiver  is  obtained  from  the  spatial 
spectrum  through  the  following  equation  (Umeki  et  al.  1977,  Yeh  and  Liu  1982): 


+oo 

=  7"  /  =  27r//Vi,  Ky)dKy  ,  (11) 

Vt  J 

—  oo 
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where  vt  is  the  relative  velocity  of  the  irregularities  transverse  to  the  radio  propaga¬ 
tion  path.  The  coordinate  frame  has  been  chosen  such  that  Vt  is  in  the  x  direction 
in  the  x  —  z  plane  (the  propagation  path  being  in  the  z  direction).  The  value  of  vt  is 
found  from  the  velocity  of  the  irregularities  relative  to  the  radio  propagation  path 
which  is  given  by  v  =  +  vp  where  is  the  drift  velocity  of  the  irregularities  and 

vp  is  the  velocity  of  the  ionospheric  pierce  point  of  the  radio  path  due  to  motion  of 
both  the  satellite  and  the  receiver.  For  GPS,  the  component  of  vp  due  to  satellite 
motion  is  negligible  and  only  receiver  motion  is  required  to  be  considered. 

In  the  analysis  so  far,  it  has  been  assumed  that  the  irregularities  are  isotropic. 
Generalisation  to  the  anisotropic  case  is  achieved  by  replacing  /c2  with  a2  k2 +a2tf;2-f 
a2  k2  ,  where  au,avaw  are  dimensionless  scaling  factors  along  each  axis.  The 
anisotropy  of  the  irregularities  in  electron  density  are  governed  by  the  geomagnetic 
field.  Consequently,  a  series  of  rotations  is  required  to  transform  the  (u,v,w)  frame 
of  the  irregularities  to  the  {x,y,  z)  frame  used  in  the  calculation  of  the  frequency 
power  spectra.  A  detailed  discussion  on  this  is  given  by  Rino  and  Fremouw  (1977). 

As  mentioned  previously,  the  SSTS  model  is  based  on  a  single  thin  phase  screen 
and  single  scattering  of  the  radio  waves.  This  is  suitable  for  the  case  of  weak  scatter¬ 
ing.  However,  we  are  interested  in  strong  scattering,  as  it  is  under  these  conditions 
that  a  receiver  will  lose  lock.  Expressions  for  the  amplitude  power  spectrum  have 
been  derived  for  the  strong  scattering  case  using  thick  multiply  scattering  phase 
screens  (Gochelashvily  and  Shishov  1971,  Taylor  1972,  Rumsey  1975).  The  mul¬ 
tiple  scattering  phase  screen  models  describe  the  statistics  of  strongly  scintillating 
signals  much  better  than  the  single  scattering  models.  Consequently,  the  multi¬ 
ple  scattering  approach  is  more  appropriate  for  GPS  analysis.  However,  the  power 
spectra  in  the  two  regimes  do  not  vary  greatly.  The  effect  of  strong  scintillation 
activity  is  to  cause  some  de-correlation  of  the  signal  time  series  which  leads  to  an 
enhanced  contribution  from  the  high  frequency  components  of  the  power  spectrum. 
The  intensity  probability  density  function,  on  the  other  hand,  does  vary  consider¬ 
ably  from  the  low  to  high  scattering  regimes,  but  this  has  already  been  incorporated 
into  the  SSTS  model  separately;  the  phase  screen  analysis  is  only  used  to  gener¬ 
ate  the  correct  power  spectra.  Thus,  considering  that  the  only  effect  of  using  a 
single  thin  phase  screen  is  to  underestimate  the  contribution  of  the  high  frequency 
components  of  the  scintillation  time  series,  we  consider  that  the  use  of  this  theory 
is  justified  as  a  first  approach.  The  next  stage  of  this  work,  however,  will  be  to 
introduce  a  multiple  scattering  approach  for  the  calculation  of  the  power  spectra. 

This  completes  the  specifications  of  the  SSTS  model.  As  mentioned  earlier, 
WBMOD  is  used  to  supply  the  values  of  the  various  parameters  required  by  SSTS. 
These  are:  S4,  cr^,  r,  L,  h,  p,  l0,  Ck  and  vd.  The  altitude,  dynamics  and  operating 
frequency  of  the  receiver,  which  are  also  required  by  SSTS,  are  supplied  by  the 
user  for  a  specific  test.  In  addition,  WBMOD  requires  various  input  parameters  to 
be  supplied  including  the  receiver  and  satellite  locations  (latitude,  longitude  and 
altitude),  the  date  and  local  solar  time  at  the  receiver,  the  frequency  of  the  carrier 
(in  this  case  the  GPS  frequencies  1575.42  and  1227.6  MHz),  the  duration  over 
which  the  receiver  requires  phase  stability,  the  percentile  at  which  the  scintillation 
levels  are  to  be  generated,  the  geomagnetic  activity  index  ( Kv ),  and  the  smoothed 
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(a)  Intensity  Time  Series  (SSTS  vl  .0) 


Fig,  2.  Example  of  the  SSTS  model  output  showing  intensity  and  phase  scintillation  (top  and 
bottom  respectively).  See  text  for  details 

Zurich  sunspot  number  (#12).  All  of  these  parameters,  except  for  the  last  two, 
are  determined  by  the  test  scenario.  The  Kp  index  and  R\2  may  be  input  as  real 
or  predicted  values,  both  of  which  are  supplied,  for  example,  by  the  Ionospheric 
Predictions  Service  (IPS)  of  Australia. 


3.  Statistical  verification  of  the  SSTS  model  output 

Before  the  SSTS  model  can  be  used  to  test  GPS  receiver  tracking  loops,  it  is 
important  to  verify  that  the  model  data  has  the  correct  statistics.  Figure  2  displays 
an  example  of  the  output  produced  by  the  SSTS  model  with  intensity  scintillation 
shown  in  the  top  panel  and  phase  scintillation  in  the  bottom.  The  input  values  of  54 
and  (j0  were  0.90  and  ir  radians  respectively,  the  spectral  slope  (for  both  intensity 
and  phase)  was  2.30,  and  the  time  resolution  was  0.01  s.  Statistical  analysis  of 
the  resultant  model  data  yields  an  output  S4  of  0.89  ±  0.03  and  a  spectral  slope  of 
2.32  dh  0.05.  These  are  in  good  agreement  with  the  input  values.  The  output  is 
exactly  7r  as  the  phase  scintillation  data  is  renormalised  to  the  desired  level. 

Next  we  examine  to  probability  density  functions  of  the  scintillation  data.  Figure 
3  shows  the  PDFs  of  the  modelled  intensity  (top)  and  phase  (bottom)  scintillation 
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Fig.  3.  Probability  density  functions  for  the  modelled  intensity  (a)  and  phase  (b)  scintillation 
data  of  Fig.  2  with  the  expected  PDFs  overlaid  (dashed  lines) 


data.  In  both  cases  the  dashed  line  is  the  expected  PDF  (Nakagami-m  with  m  — 
1.23  and  Gaussian  with  <7  =  7 r  respectively).  Inspection  by  eye  suggests  that  both 
the  intensity  and  phase  PDFs  of  the  data  are  in  good  agreement  with  the  expected 
PDFs.  Formally  we  test  the  “goodness  of  fit”  of  the  data  to  the  desired  functions 
using  the  x2  statistics  which  is  given  by: 


(12) 


where  the  yi  are  the  observed  values  of  the  PDF,  fi  are  the  expected  values  of 
the  PDF,  and  N  is  the  number  of  bins.  The  amplitude  and  phase  PDFs  have  x2 
values  of  0.007  and  2  x  10~4  respectively.  The  small  values  yielded  for  x2  imply 
that  we  cannot  reject  the  hypothesis  that  the  observed  PDFs  are  consistent  with 
the  expected  PDFs,  and  this  is  the  case  even  at  a  very  low  significance  level. 
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Fig.  4.  Power  spectra  of  the  modelled  intensity  (a)  and  phase  (b)  scintillation  data  from  Fig.  2 
(dotted  line)  with  the  desired  power  spectra  overlaid  (solid  line) 

Finally,  in  Fig.  4  the  power  spectra  of  the  modelled  data  are  displayed  (dotted 
line)  together  with  the  desired  power  spectra  based  on  theory  (solid  line).  Again  it  is 
clear  that  the  model  data  is  in  good  agreement  with  the  desired  result,  a  conclusion 
which  was  confirmed  by  an  analysis  of  the  \2  statistics  for  the  power  spectra. 

4.  Results  from  a  second  order  Costas  loop  and  discussion 

The  purpose  of  the  SSTS  model  is  to  investigate  the  effects  of  scintillation  on 
various  GPS  receiver  systems.  A  thorough  analysis  of  this  sort  is  beyond  the  scope 
of  this  paper.  However,  in  this  section  we  show  preliminary  results  from  tests 
performed  on  a  second  order  Costas  carrier  tracking  loop  with  a  bandwidth  of  5  Hz 
and  a  pre-detection  integration  period  of  20  ms.  This  sort  of  loop  is  typically  used 
for  carrier  tracking  in  many  GPS  receivers. 
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Fig.  5.  Results  from  inputting  SSTS  model  data  (S4  =  0.6,  <7*  =  tr)  into  a  second  order  Costas 
loop  with  a  5  Hz  bandwidth.  The  top  two  panels  show  the  input  intensity  and  phase  scintillation 
data  respectively,  the  third  panel  displays  the  phase  estimate  of  the  Costas  loop,  and  the  bottom 
panel  shows  the  phase  error  (difference  between  the  input  phase  and  the  phase  estimate).  Note 
the  incidents  of  cycle  slips  in  the  phase  error  which  are  indicative  of  the  Costas  loop  experiencing 

difficulties  in  maintaining  signal  lock 

For  the  results  described  in  this  section,  the  GPS  signal  power  to  noise  density 
ratio  (C/No)  under  quiescent  conditions  is  set  to  44  db  Hz.  This  is  based  on  a 
nominal  GPS  signal  level  of  -160  dBW  and  a  thermal  noise  density  of  -204  dBW 
Hz-1.  Factors  which  may  reduce  the  C/Nq  such  as  antenna  gain  patterns,  multi- 
path,  atmospheric  absorption,  and  pre-amplifier  noise,  etc.  have  all  been  ignored. 
Other  sources  of  loop  stress  such  as  Doppler  (from  satellite  and  receiver  motion) 
and  oscillator  phase  noise  etc.  have  also  been  ignored.  Suffice  to  say  that  in  the 
presence  of  Doppler,  a  search  algorithm  would  probably  be  required  in  order  to  re¬ 
cover  the  carrier  phase  once  phase  lock  had  been  lost.  It  is  also  noted  that  in  these 
tests,  the  levels  of  amplitude  and  phase  scintillation  were  varied  independently  of 
one  another.  Although  this  does  not  represent  a  real  physical  process,  it  is  never¬ 
theless  a  convenient  way  of  determining  whether  amplitude  or  phase  scintillations 
have  the  greatest  effect  on  loop  performance. 
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Fig.  6.  As  for  Fig.  5  but  with  a#  =  2i r  radians.  Note  the  increased  severity  of  cycle  slips  in  the 

phase  error 

First  we  examine  the  effect  of  phase  scintillation  on  the  Costas  loop.  Figure  5 
shows  results  of  feeding  SSTS  model  data  into  the  Costas  loop  with  a  moderate 
levels  of  S4  (0.6)  and  a#  (n  radians).  It  is  apparent  from  this  figure  that  the  Costas 
loop  is  stressed  and  experiences  cycle  slips  at  times  of  36  and  73  seconds.  The  phase 
error  (which  is  the  difference  between  the  input  phase  and  the  loop  phase  estimate) 
jumps  by  7 r  radians  at  these  times  (i.e.  half  a  cycle).  It  is  interesting  to  note  that 
at  these  times  the  signal  power  does  not  experience  any  significant  fading,  and  it  is 
therefore  concluded  that  the  cycle  slips  are  produced  by  phase  scintillations. 

Increasing  the  level  of  phase  scintillation  activity  has  a  profound  effect  on  the 
Costas  loop.  Figure  6  shows  the  loop  response  to  phase  scintillations  for  which 
a<f>  —  2tt  (the  amplitude  scintillation  level  is  the  same  as  in  the  previous  example). 
We  now  observe  that  the  occurrence  of  cycle  slips  has  become  so  frequent  that  the 
phase  error  is  drifting  over  a  range  of  about  70  radians  (11  cycles).  With  such 
frequent  cycle  slips,  the  loop  can  be  considered  to  have  lost  lock  on  the  carrier. 

The  bandwidth  of  the  tracking  loop  is  a  significant  factor  in  determining  how 
well  the  loop  tracks  the  carrier  in  the  presence  of  scintillation,  noise  and  Doppler. 
In  the  example  just  given,  it  was  observed  that  a  5  Hz  Costas  loop  lost  lock  on 
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Fig.  7.  Results  from  inputting  high  intensity  scintillation  model  data  (S4  =  0.9,  0$  =  tt/2)  into 
the  Costas  loop  with  a  C/N0  ratio  of  44  db  Hz.  The  irregularity  drift  speed  has  been  decreased 
by  a  factor  of  4  from  the  previous  cases.  See  text  for  details 

numerous  occasions  when  the  RMS  phase  scintillation  strength  was  increased  to  27 r 
radians.  However,  under  the  same  scintillation  conditions,  it  was  found  that  a  loop 
with  a  20  Hz  bandwidth  suffered  no  cycle  slips  (these  results  are  not  shown).  The 
reason  for  this  is  that  the  wider  bandwidth  loop  has  less  of  a  filtering  effect  on  the 
phase  scintillations  and  so  tracks  the  high  frequency  components  more  accurately. 
Unfortunately,  the  wider  bandwidth  loop  also  allows  more  thermal  noise  through, 
and  so  is  worse  under  strong  amplitude  scintillation  conditions.  Indeed,  for  any 
given  combination  of  Doppler,  phase  and  amplitude  scintillation  strength,  an  opti¬ 
mum  loop  bandwidth  (and  loop  order)  will  exist  which  minimises  the  phase  tracking 
errors.  Determining  the  optimum  bandwidth  involves  Weiner  filter  analysis  and  is 
beyond  the  scope  of  this  paper. 
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Fig.  8.  As  for  Fig.  7  except  in  this  case  the  C/No  ratio  has  been  decreased  to  35  db  Hz.  Note  the 
increased  length  of  time  over  which  the  Costas  loop  is  not  locked 


We  turn  now  to  the  effects  of  amplitude  scintillation  on  the  Costas  loop.  For 
a  Costas  loop  with  a  5  Hz  noise  bandwidth,  the  threshold  C/N0  for  loss  of  lock 
is  approximately  19  dB  Hz  (see  e.g.  Kaplan  1996).  Consequently,  for  a  quiescent 
C/Nq  of  44  db  Hz,  a  sustained  fading  level  of  25  dB  would  be  required  in  order  to 
force  the  loop  out  of  lock  (assuming  that  phase  scintillation  stresses  are  not  also 
present). 

Amplitude  scintillation  tests  were  performed  with  low,  moderate  and  high  levels 
of  amplitude  scintillation  activity  (S4  of  0.2,  0.6  and  0.9  respectively)  and  low  levels 
of  phase  scintillation  (&$  of  7t/2  radians).  In  all  cases  we  found  no  evidence  that 
the  Costas  loop  was  stressed  under  these  conditions  (the  results  have  not  been 
displayed).  At  first  glance,  this  suggests  that  the  Costas  loop  is  robust  under  even 
severe  amplitude  scintillation  conditions.  However,  one  must  also  consider  that 
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the  speed  of  the  ionospheric  irregularities  transverse  to  the  propagation  path  was 
relatively  large  (148  ms-1).  Consequently,  the  duration  of  the  resulting  deep  fades  in 
the  amplitude  time  series  were  relatively  short  and  the  Costas  loop  was  significantly 
stressed  for  only  short  periods  of  time. 

Although  the  Costas  loop  was  not  adveresly  affected  by  amplitude  scintillations 
in  the  above  example,  it  was  seriously  affected  by  strong  phase  scintillation  as  shown 
by  the  first  two  examples.  This  is  because,  under  conditions  where  amplitude  fading 
is  rapid  (i.e.  the  relative  speed  of  the  ionospheric  irregularities  transverse  to  the 
propagation  path  is  large),  the  phase  fluctuations  will  also  be  rapid.  Thus,  large 
rates  of  change  of  phase  will  be  produced  which  introduce  significant  phase  stress 
into  the  Costas  loop. 

The  next  logical  step  is  to  test  the  Costas  loop  under  the  same  severe  amplitude 
scintillation  conditions  as  in  the  previous  example,  but  now  with  a  lower  irregularity 
drift  speed.  These  results  are  displayed  in  Fig.  7  where  the  irregularity  drift  speed 
has  been  reduced  by  a  factor  of  4  to  37  ms"1.  From  a  time  of  37  s  to  43  s  the 
signal  power  drops  to  about  —20  dB  and  remains  near  this  level  until  nearly  53  s 
whereupon  it  drops  below  30  dB.  At  a  time  of  about  60  s,  the  signal  power  begins 
to  recover.  Over  the  initial  period  (i.e.  37-53  s),  the  Costas  loop  retains  lock,  but 
there  is  a  significant  increase  in  the  noise  on  the  phase  error  indicating  that  the 
loop  is  beginning  to  be  stressed.  Once  the  power  falls  below  -25  dB,  the  Costas 
loop  looses  lock,  and  does  not  regain  lock  until  a  time  of  62  s  when  the  signal  power 
has  increased  to  -15  dB.  The  C/N0  for  recovery  therefore  seems  to  be  higher  than 
the  threshold  for  loss  of  lock. 

The  above  test  was  performed  with  a  C /No  of  44  dB  Hz  which,  is  typical  for  a 
GPS  satellite  near  zenith.  It  is  expected  that  if  the  C/N0  was  reduced,  representing, 
for  example,  a  satellite  close  to  the  horizon,  the  Costas  loop  would  lose  lock  earlier 
and  require  more  time  to  recover.  This  is  shown  in  Fig.  8  where  the  C/No  is  set  to 
35  dB  Hz  but  all  other  parameters  and  model  data  are  identical  to  those  used  in 
the  previous  example.  It  is  apparent  that  the  Costas  loop  now  loses  lock  at  a  time 
of  118  s  when  the  signal  level  has  fallen  below  -16  dB,  and  does  not  recover  until 
140  s  when  the  signal  power  has  increased  beyond  -10  dB. 

5.  Conclusion 

In  the  first  part  of  this  paper  we  described,  in  detail,  a  model  for  generating 
synthetic  scintillation  time  series  using  phase  screen  diffraction  theory.  It  is  intended 
that  the  global  model  of  scintillation  activity,  WBMOD,  will  be  used  to  supply  input 
parameters  for  this  model.  The  output  of  the  SSTS  model  was  tested  against  the 
desired  statistical  characteristics  of  real  scintillation  including  the  PDFs  and  PSDs 
and  was  found  to  produce  results  which  where  consistent  with  real  scintillation 
activity.  However,  further  research  is  required  to  determine  ways  of  generating 
intensity  and  phase  scintillation  time  series  with  the  correct  joint  statistics.  Also,  the 
application  of  thick,  multiply  scattering  phase  screens  to  the  SSTS  model  warrants 

further  work. 

Tests  against  a  second  order  Costas  loop  found  that  factors  such  as  loop  band- 
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width  and  the  irregularity  drift  speed  influenced  the  loop’s  tolerance  to  scintillations. 
When  the  relative  speed  of  the  ionospheric  irregularities  transverse  to  the  propaga¬ 
tion  path  was  small,  intensity  scintillations  played  a  greater  role  in  determining  loop 
stress,  while  for  large  transverse  speeds,  phase  scintillations  had  the  greatest  effect. 
These  results  were  expected  and  are  explained  as  follows.  For  large  irregularity 
drift  speeds  transverse  to  the  propagation  path,  deep  fading  of  the  signal  power  will 
be  short  in  duration  allowing  the  Costas  loop  to  remain  in  lock.  However,  large 
drift  speeds  cause  changes  in  carrier  phase  to  become  more  rapid,  thus  increasing 
loop  stress  if  appreciable  phase  scintillation  activity  is  present.  The  reverse  is  true 
for  small  irregularity  drift  speeds,  the  carrier  phase  changes  will  be  slower  but  the 
fades  in  the  signal  power  will  be  longer  in  duration.  Thus,  in  this  case  the  amplitude 
scintillations  will  be  more  likely  to  cause  the  carrier  tracking  loop  to  lose  lock. 

Clearly  then,  the  geometry  of  a  given  transmitter-receiver  link  is  very  important 
in  evaluating  the  effects  of  scintillation  on  a  receiver’s  tracking  loops,  along  with 
the  other  physical  parameters  which  describe  scintillation  activity.  If  the  satellite 
is  at  zenith,  the  signal  propagation  path  will  be  perpendicular  to  the  motion  of  the 
ionospheric  irregularities  (assuming  that  the  vertical  drift  speed  of  the  irregularities 
is  small)  and  the  speed  of  the  irregularities  transverse  to  the  propagation  path  will 
be  at  a  maximum.  As  the  satellite  moves  to  lower  elevations,  the  component  of  the 
drift  velocity  transverse  to  the  propagation  path  will  decrease  monotically  until  a 
minimum  is  reached  when  the  satellite  is  just  above  the  horizon  (again  assuming 
that  the  vertical  drift  speed  is  small). 

Finally  we  examined  the  effect  of  reducing  the  carrier-to-noise  ratio  of  the  quies¬ 
cent  GPS  signal.  This  was  done  to  simulate  the  effect  of  a  satellite  at  low  elevation 
angles.  As  expected,  the  loss  of  lock  occurred  at  a  smaller  signal  fading  levels  and 
recovery  times  were  increased.  This  effect  is  of  considerable  importance  when  evalu¬ 
ating  the  response  of  GPS  receivers  to  scintillation  and  their  recovery  performance. 
A  follow  on  paper  will  investigate  this  in  detail,  together  with  the  effects  of  satellite 
and  receiver  dynamics. 
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SPATIAL  CHARACTERISTICS  OF  MID-LATITUDE 
IONOSPHERIC  SCINTILLATIONS  IN  VHF 
RADIO-SATELLITE  TRANSMISSIONS 

L  A  Hajkowicz1 


Simultaneous  recordings  of  VHF  radio-satellite  transmissions  from  Transit  satel¬ 
lites  were  obtained  at  three  latitudinally  displaced  sites  in  the  vicinity  of  Brisbane 
(36°S  geom.lat):  St.Lucia  (S),  Taringa  (T)  and  Boreen  Pt.  (B).  The  meridional 
displacement  were:  S-T  (2.12  km)  and  T-B  (121.0  km).  The  location  of  the  site  B 
was  such  that  it  was  almost  directly  under  a  field  point  MT  (i.e.  the  point  at  an 
ionospheric  height  when  the  ray-path  from  a  satellite  to  the  site  T  was  tangential  to 
the  magnetic  field).  A  number  of  scintillation  patches  (so-called  the  P-type  events), 
showing  large  enhancement  (more  than  10  dB)  near  the  local  magnetic  zenith,  were 
predominantly  recorded  at  the  sites  S  and  T  whereas  the  site  B  showed  little  or  no 
scintillation  activity.  The  anomalous  situation  is  explained  in  terms  of  the  geome¬ 
try  between  the  ray-path  and  magnetic  field,  associated  with  different  positions  of 
MT  and  MB  (for  the  site  B).  It  is  suggested  that  the  predominant  effect  in  causing 
scintillation-producing  irregularities  becoming  invisible  from  the  site  B,  is  associated 
with  an  alternative  model  of  scintillation  generation  based  on  specular  reflection  of 
radio  signal. 

Keywords:  field  aligned  irregularities;  interference;  mid-latitude  scintillation; 
specular  reflection 


1.  Introduction 

The  presence  of  small  scale-size  irregularities  in  the  ionosphere  (in  the  E  and  F 
regions)  leads  to  rapid  fading  (scintillations)  of  VHF  radio-satellite  transmissions. 
Relatively  little  is  known  about  mid- latitude  scintillations  as  this  region  has  been 
largely  neglected  in  favour  of  auroral  and  equatorial  scintillations  where  ionospheric 
disturbances  are  frequent.  The  early  studies  indicate  that  scintillation-producing 
irregularities,  at  southern  mid-latitudes,  are  field  aligned  (Jones  1969,  Parkin  1968, 
Singleton  1970). 

All  the  previous  study  of  mid-latitude  scintillations  did  not  differentiate  between 
true  mid-latitude  scintillations  and  the  fringe  scintillations  from  the  auroral  and 
equatorial  scintillation  belts.  It  has  been  recently  found  that  true  mid-latitude  scin¬ 
tillations  are  formed  as  patches  (or  longitudinally  extended  scintillation  belts)  which 
invariably  occur  equatorwards  of  a  typical  mid-latitude  station  (Hajkowicz  1994, 
1997).  The  morphology  of  this  type  of  scintillations  (so-called  P-type  scintillations) 
is  now  more  clear  as  a  long-duration  study  of  scintillations  at  a  southern  station 
Brisbane  (36° S  geom.lat.)  is  continuing.  Specifically,  P-type  is  almost  an  exclusive 
type  of  mid-latitude  scintillations  at  sunspot  minimum  when  fringe  auroral  scintil¬ 
lations  are  no  longer  visible  from  a  mid-latitude  site  (Hajkowicz  1997).  This  type  of 
scintillations  is  associated  with  the  occurrence  maximum  of  mid-latitude  spread-F 
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Table  I.  The  location  of  three  sites  used  for  mid-latitude  scintillation 

study 


Station 

Symbol 

Lat.  South 
deg. 

Long.  East 
deg. 

Field  point  (Lat.) 
deg. 

Taringa 

T 

27.477 

152.974 

25.9 

St.Lucia 

S 

27.498 

153.013 

25.9 

Boreen  Pt. 

B 

26.288 

153.000 

24.7 

which  also  reaches  maximum  at  sunspot  minimum.  Some  study  on  the  associa¬ 
tion  of  spread-F  and  scintillations  has  been  conducted  by  Bowman  and  Hajkowicz 
(1991)  who  linked  the  occurrence  of  specific  type  of  spread-F  related  to  field-aligned 
irregularities  with  the  P-type  scintillations. 

The  previous  studies  (Hajkowicz  1994,  1997)  were  concerned  with  the  P-type 
morphology  but  did  not  provide  information  on  the  structure  of  irregularities  re¬ 
sponsible  for  these  scintillations.  Since  1993  three  latitudinally  displaced  stations 
were  used  to  detect  the  P-type  in  the  vicinity  of  Brisbane.  The  results  of  these 
recordings  start  to  emerge  pointing  out  to  a  less  recognised  feature  of  scintillation- 
producing  irregularities. 


2.  Method  and  results 

Scintillation  studies,  using  amplitude  recordings  from  polar-orbit  Transit  satel¬ 
lites  transmitting  at  a  frequency  of  150  MHz  were  conducted  near  Brisbane  (27.5°S 
and  152. 9°E  geographic,  35.6°S  invariant  latitude)  in  1993-1996.  Table  I  gives  the 
locations  of  the  three  sites  in  geographical  coordinates.  The  sub-ionospheric  loca¬ 
tions  (altitude:  300  km,  Lat.  South)  of  the  points  at  which  the  ray-path  from  a 
satellite  to  a  specific  site  is  tangential  to  the  magnetic  field  are  shown  (Field  point). 

The  geographic  locations  are  also  shown  in  Fig.  1.  The  meridional  distances  are 
as  follows:  2.12  km  (T-S),  121.0  km  (B-T).  Note  that  the  site  T  and  S  were  also 
displaced  in  the  E-W  direction.  The  location  of  the  field  point  MT  (for  the  site  T) 
is  also  shown.  It  can  be  seen  that  MT  is  about  0.4°  north  of  the  site  B  (at  25.9°S) 
thus  being  almost  at  the  local  zenith  of  the  latter  site.  A  corresponding  point  for 
the  site  B  (MB)  is  further  north  at  24.7°S  (not  shown). 

It  has  been  evident  over  this  solar  cycle  that  a  specific  type  of  scintillations 
occurred  at  Brisbane.  The  so-called  P-type  scintillation  events  invariably  had  a 
characteristic  structure  as  shown  in  Fig.  2a  and  b  (also  reported  by  Hajkowicz  1994 
and  1997,  and  Bowman  and  Hajkowicz  1991).  The  distinct  structure  of  the  event 
is  best  seen  from  the  raw  VHF  amplitude  data  which  show  a  slow  change  in  the 
signal  strength  as  a  transmitting  satellite  moves  from  the  northern  (equatorial) 
horizon  to  the  southern  (polar)  horizon  passing  at  its  nearest  point  close  to  the 
local  zenith  (when  signal  is  at  maximum).  It  can  be  seen  that  the  slow  varying 
amplitude  is  modulated  with  fast  fading  (scintillations).  A  cursory  look  at  the 
examples  (Fig.  2)  seem  to  indicate  that  a  scintillation  patch  starts  at  lower  latitudes, 


Acta  Geod .  Geoph.  Hung.  33,  1998 


MID-LATITUDE  IONOSPHERIC  SCINTILLATIONS 


43 


SITE  LOCATIONS  IN  GEOG.COORD. 


Fig.  1.  The  geographical  position  (South  lat.  and  East  long.)  of  three  scintillation  recording 
stations  in  the  vicinity  of  Brisbane:  S  (St. Lucia),  T  (Taringa)  and  B  (Boreen  Pt.).  The  insert 
shows  the  relative  location  of  the  near-by  sites  T  and  S 

north  of  the  station,  and  terminates  just  slightly  north  of  its  geographical  zenith. 
The  assumption  on  the  spatial  extent  of  the  event  (whether  it  is  strong  as  in  Fig.  2a 
or  weak  as  in  Fig.  2b)  is  only  apparent  but  not  real.  This  assumption  can  be  verified 
from  noticing  that  all  the  P-type  events  (even  as  strong  as  that  reported  by  Bowman 
and  Hajkowicz  1991)  terminate  at  approximately  the  same  position,  slightly  short 
of  the  local  zenith.  It  stands  to  reason  that  a  hitherto  unrecognised  geometrical 
effect  artificially  limits  the  southern  extent  of  the  scintillation  patch. 

The  locations  of  the  three  sites  had  a  considerable  effect  on  the  recorded  P-type 
scintillations  as  it  can  be  seen  from  four  typical  examples  in  Fig.  3.  The  events  were 
recorded  at  nighttime  when  a  Transit  satellite  was  passing  close  to  the  sites.  In  the 
first  example  (a-c)  a  scintillation  event  (reaching  15  dB  peak-to-peak  at  maximum) 
showed  similar  scintillation  structures  at  the  sites  T  and  S.  Unexpectedly  however, 
no  corresponding  scintillations  were  recorded  at  the  northernmost  site  B;  the  event 
was  invisible  from  this  site.  This  situation  was  characteristic  for  other  three  events. 
Weak  scintillations  were  recorded  north  the  site  B  for  the  last  event  (j-m).  A  rare 
event  is  shown  in  (d-f)  when  a  relatively  small  magnitude  event  (6  dB)  at  the  site  T 
was  not  registered  even  at  the  nearby  site  S.  Note  that  the  approximate  maximum 
enhancement  time  at  the  site  T  (indicated  as  MT)  coincided  with  the  satellite’s 
position  when  the  ray-path  was  almost  tangential  to  the  magnetic  field.  It  can  be 
inferred  from  this  that  irregularities  responsible  for  scintillations  were  field  aligned. 
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Fig.  2.  Typical  structures  of  the  strong  (a)  and  weak  (b)  P-type  scintillations 

Figure  4  shows  yet  another  example  of  the  same  trend  in  scintillations.  Note 
the  scintillation  enhancements  at  the  field  points  MT  (15  dB)  and  at  MB  (10  dB); 
the  event  recorded  at  the  site  B  was  not  only  smaller  but  much  shorter  than  those 
at  the  sites  T  and  S.  It  can  be  seen  that  there  is  no  trace  of  scintillations  close  to 
the  geographical  zenith  at  the  site  T  (indicated  as  ZT  in  Fig.  4a  ).  The  horizontal 
structure  of  this  event  can  be  seen  from  Fig.  5.  The  positions  of  the  sub-satellite 
trajectories,  as  seen  from  sites  T  and  B,  are  shown  here  in  geographical  coordinates. 
The  satellite  moved  polewards,  slightly  East  of  the  three  sites.  The  regions  of 
maximum  enhancements,  centred  at  the  field  points,  are  shown  in  relation  to  the 
sites  B  and  T  (MB  and  MT).  Note  that  when  the  ray-path  was  sweeping  over  the 
region  where  MT  is  located  no  trace  of  scintillations  was  visible  from  the  site  B. 
Again  a  strong  scintillation  event,  as  observed  from  the  two  sites  T,  and  S  was  not 
recorded  at  the  site  B. 

Occurrence  of  mid-latitude  scintillations  is  less  frequent  than  at  high  and  low 
latitudes  and  it  was  possible  to  record  a  relatively  small  number  of  the  events  at 
all  three  sites  simultaneously  (taking  also  into  account  instrumental  failures  and 
missing  data).  Altogether  10  simultaneous  events  were  recorded  indicating  the 
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EXAMPLES  OF  P-TYPE  SCINTiLLATIONS  FOR  TARINGA  (T)  -  ST.  LUCIA  (S)- BOREEN  PT.  (B) 


MAY 3, 1996  d.  APR.  6,1994  L 


Fig.  3.  Typical  examples  of  simultaneous  recordings  of  scintillations  (or  the  absence  of  thereof) 
for  the  three  sites:T,  S  and  B.  The  positions  of  the  field  point  MT  (site  T)  and  the  satellite  travel 

direction  (North)  are  indicated 


same  trend  as  depicted  in  Fig.  3.  On  two  occasions  extensive  scintillations,  not 
resembling  the  P-type  scintillations,  were  recorded  simultaneously  at  all  three  sites. 
It  is  interesting  that  no  case  was  recorded  where  an  opposite  effect  took  place, 
i.e.  a  case  for  which  strong  scintillations  were  recorded  at  the  site  B  but  without 
scintillations  being  recorded  at  the  sites  T  and  S. 

Over  30  simultaneous  P-type  events  were  recorded  at  the  two  adjacent  sites  T 
and  S.  They  all  showed  a  patch-like  structure  being  of  similar  magnitudes.  The 
cross-correlation  analysis  applied  to  all  the  records  indicated  a  relatively  small  cor- 
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TYPICAL  P-TYPE  EVENT  FOR  3  SITES:JUNE,8,1996;2316  LT 
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Fig.  4.  A  detailed  structure  of  an  event  simultaneously  recorded  at  three  sites  (symbols  as  for 
Fig.  3,  ZT  indicates  the  position  of  the  geographical  zenith  at  the  site  T) 

relation  coefficient  (r  <  0.5)  of  the  fluctuations  which  is  consistent  with  a  relatively 
large  separation  of  the  sites.  The  similar  trace  displacement  varied  from  about  3 
sec  to  0.1  sec,  changing  rapidly  over  the  duration  of  each  event.  This  precluded 
a  height  computation  of  the  irregularity  using  the  similar  fade  displacement.  The 
scintillation  enhancement  at  the  field  point  was  a  characteristic  feature  of  this  event. 
Scintillations  terminated  rather  rapidly  polewards  of  the  field  point  but  continued 
equatorwards  of  it  (cf.  Fig.  2) . 


ST.LUCIA 


585  613  .642  670  699 
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Fig.  5.  The  sub-ionospheric  (altitude:  300  km)  horizontal  positions  of  scintillations  regions  as 
observed  during  a  single  pass  from  the  sites  T  and  B;  the  corresponding  shaded  areas  refer  to  the 
scintillation  enhancements  close  to  the  field  points 

3.  Discussion  and  results 

Relatively  simple  results  from  radio-satellite  transmission  recordings  at  the  dis¬ 
placed  mid-latitude  sites  point  out  to  an  unknown  aspect  of  scintillation-producing 
irregularities.  The  effect  of  “invisible”  irregularities  was  suspected  but  not  demon¬ 
strated  in  the  previous  study.  Parkin  (1968)  deduced  from  his  mid-latitude  scin¬ 
tillation  study  a  hypothesis  which  is  particularly  relevant  to  the  present  findings. 
He  stated:  “It  is  clear  that  observations  made  close  to  the  field-point  will  preferen¬ 
tially  detect  irregularities  of  large  axial  ratio.  Irregularities  of  very  large  axial  ratio 
may  exist  in  the  ionosphere  and  their  r.m.s.  deviation  of  electron  density  may  be 
so  small  that  they  escape  observation  except  at  the  field  point.”  A  similar  postu¬ 
late  was  given  by  Jones  (1969)  who  noted  that  VHF  scintillations  occur  in  patches 
enhanced  close  to  the  magnetic  zenith  near  Brisbane.  He  advanced  a  hypothesis: 
“Even  when  there  is  no  observable  scintillation  activity  there  are  weak  patches  of 
irregularities.  The  visibility  of  these  patches  are  greatly  enhanced  when  one  looks 
in  directions  near  the  magnetic  field  direction.” 

The  hypothesis  on  the  possibility  that  scintillation- causing  irregularities  might 
become  invisible  under  a  certain  configuration  between  the  ray-path  and  magnetic 
field  appears  to  be  correct.  Field-aligned  irregularities  which  are  visible  from  the 
sites  T  and  S  are  not  causing  any  scintillations  at  the  site  B  since  the  latter  site’s  field 
point  is  well  shifted  equatorwards  from  the  other  two  field  points.  To  demonstrate 


Acta  Geod.  Gcoph.  Hung.  33,  1998 


48 


L  A  HAJKOWICZ 


ASPECT  ANGLE  VARIATIONS  NEAR  SITES  T  AND  B 


0  (DEG.) 


10  SEC.  TIME  INTERVALS 


Fig.  6.  Typical  variation  of  the  aspect  angle  ©  (i.e.  the  angle  between  the  ray-path  and  magnetic 
field)  during  the  time  interval  when  a  satellite  in  the  vicinity  of  the  sites  T  and  B  (solid  and  broken 
curves,  respectively).  The  solid  and  broken  arrows  indicate  the  corresponding  latitudinal  locations 

of  the  field  points  MT  and  MB 

this  effect  one  must  be  first  familiar  with  the  variations  of  the  aspect  angle  0  (i.e. 
the  angle  between  the  ray-path  and  magnetic  field)  vs.  satellite  travel  time  (which 
can  be  translated  to  a  latitudinal  position).  This  can  be  seen  in  Fig.  6  for  a  typical 
satellite  pass  in  the  vicinity  of  the  stations.  The  angle  0  increases  rather  rapidly 
polewards  of  the  site  T  (solid  line)  and  the  site  B  (broken  line);  its  increase  is 
relatively  slow  equatorwards  of  the  sites.  Approximately,  the  field  point  for  site  T 
is  located  vertically  above  the  site  B;  the  irregularity  which  is  seen  almost  along 
its  axis  from  the  site  T  at  an  angle  0T,  is  simultaneously  seen  at  a  certain  larger 
angle  0b  from  the  site  B.  From  the  aspect  angle  variations  in -the  vicinity  of  the 
sites  (Fig.  6b)  it  is  found  that  0T  =  5°  whereas  0b  =  22°. 

The  change  in  the  aspect  angle  can  be  translated  to  a  change  of  the  ray-path 
length  traversing  the  field-aligned  irregularity  (Fig.  7a).  It  appears  from  a  mid¬ 
latitude  scintillation  study  by  Parkin  (1968)  that  field  aligned  irregularities  have 
axial  ratios  (i.e.  the  ratio  of  the  length  of  irregularity  to  its  transverse  dimension) 
typically  between  6-10  with  the  transverse  dimensions  in  the  range  0.5  to  1.0  km. 
In  the  positions  Si  and  S2  the  satellite  is  overhead  the  sites  T  and  B  so  that  the 
ionospheric  length  AL  ~  1  km  for  the  ray  path  SiT  (length  CD)  and  S2B  (length 
EF).  Clearly,  the  ionospheric  length  ALo  (or  the  length  AB  for  the  ray-path  S3T)  is 
then  AL0  >  AL  which  would  lead  scintillations  at  the  site  T  being  8-10  dB  larger 
(assuming  the  reported  axial  ratios)  than  for  the  site  B  (for  the  satellite  positions 

S2  and  S3). 

An  alternative  explanation  of  the  observed  phenomenon  is  illustrated  in  Fig.  7b. 


Acta  Geod.  Geoph.  Hung.  33,  1998 


MID-LATITUDE  IONOSPHERIC  SCINTILLATIONS 


49 


Fig.  7.  A  sketch  of  possible  geometrical  configuration  between  the  ray-path  from  a  satellite  and 
the  field-aligned  irregularities,  a)  and  b)  show  the  diffraction  and  reflection  interpretations  of  the 

observed  phenomena 

Here,  the  scintillation  enhancement  takes  place  at  the  site  T  only  due  to  an  inter¬ 
ference  between  the  direct  (RD)  and  reflected  (RR)  rays.  The  strong  interference 
effect  takes  place  close  to  the  field  point  since  only  then  the  angle  of  incidence  to 
the  surface  of  the  irregularity  is  large  (i.e.  for  the  grazing  angle  g )  which  assures 
almost  total  reflection  (as  discussed  further  in  the  text).  This  effect  will  be  absent 
for  the  site  B  at  the  position  of  the  scintillation  maximum  for  the  site  T.  Absence 
of  scintillations  at  the  site  B  also  indicates  that  the  field-aligned  irregularities  are 
relatively  weak  and  do  not  generate  noticeable  scintillations  due  to  the  diffraction 
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effect  (Le.  for  the  ray-path  intersecting  the  irregularity  as  in  Fig.  6a).  Unless  the 
inhomogeneous  ionization  cloud,  with  the  embedded  field  aligned  irregularities,  con¬ 
tinues  well  past  the  site  B  towards  the  field  point  MB  no  scintillation  activity  will 
be  recorded  at  this  site.  The  case  shown  in  Fig.  4  indicates  that  the  equatorward 
limit  of  irregularities  extended  to  the  position  MB  but  irregularities  were  weaker 
than  those  at  higher  latitudes.  It  can  be  thus  assumed  that  the  ionization  cloud 
responsible  for  the  P-type  events  extended  to  about  25°S  (or  33°S  geom.  lat.).  The 
termination  of  scintillations  close  to  the  geographical  zenith  at  the  sites  T  and  S 
would  indicate  that  the  geometry  of  the  ray-path  becomes  unfavorable  to  detect 
irregularities  past  this  point  (for  the  same  reason  that  they  were  not  observed  at 
the  site  B).  Thus,  the  polewards  extent  of  the  cloud  cannot  be  established  from  the 
present  recordings  as  one  needs  a  fourth  station  positioned  several  degrees  further 
south  from  the  site  T. 

The  presence  of  scintillations  at  one  site  only  seems  to  confirm  that  the  specular 
reflection  model  is  more  appropriate  to  explain  the  observed  phenomena.  This  can 
be  seen  in  Fig.  3  d-f  where  a  weak  PN-type  event  at  the  site  T  was  not  recorded 
at  the  nearby  site  S.  The  change  in  the  path  length  trough  the  irregular  region  for 
these  sites  will  be  very  small  as  they  are  adjacent  therefore  the  ionospheric  path 
length  should  be  the  same. 

An  alternative  explanation  of  the  selective  scintillation  occurrences  was  dis¬ 
cussed  by  Rush  and  Colin  (1958).  They  postulated  that  field-aligned  ionospheric 
irregularities  can  cause  strong  specular  reflections  of  radio  waves  in  the  VHF/UHF 
range  provided  that  the  ray-path  is  at  a  grazing  angle  (g)  to  the  reflecting  surface. 
An  interference  effect  between  the  direct  and  reflected  rays  could  lead  to  a  sharp 
scintillation  increase  in  a  narow  cone  near  the  field  point.  They  calculated  that 
for  small  ionization  density  N  =  1011  el./m3  the  maximum  angle  g  is  about  1° 
but  it  increases  to  about  45°  at  N  —  1014  el./m3.  Clearly,  for  the  case  of  a  weak 
scintillation  event  shown  in  Fig.  3  d-f  the  ionization  density  was  low  and  therefore 
even  a  small  change  in  the  angle  would  determine  the  presence  or  absence  of  the 
reflection  effect.  It  follows  that  the  ray-path  in  this  case  was  better  aligned  with 
the  irregularity  axis  for  the  site  T  than  for  the  site  B. 

The  specular  reflection  model  of  generation  of  the  P-type  events  was  originally 
suggested  by  Parkin  (1968).  He  found  serious  discrepancies  between  his  experimen¬ 
tal  results  and  the  results  provided  by  the  classical  diffraction  theory  for  generation 
of  scintillations  (Briggs  and  Parkin  1963).  Namely  to  obtain  the  scintillation  en¬ 
hancement  of  the  magnitude  he  found  it  would  be  necessary  to  have  field  aligned 
irregularities  extending  almost  to  the  altitude  of  a  transmitting  satellite  which  is 
clearly  unacceptable  (even  for  the  fact  that  the  curvature  of  the  field  lines  must  be 
then  taken  into  account  whereas  the  ray-path  is  a  straight  line).  It  prompted  him 
to  suggest  that  another  mechanism,  such  as  specular  reflection  and  interference, 
should  be  considered.  No  theory  of  this  effect  has  been  developed  yet.  It  stands 
to  reason  that  both  mechanisms  diffraction  and  specular  reflection  (as  discussed  in 
association  with  Fig.  7)  may  contribute  to  the  observed  scintillation  observation 
discrepancy  from  the  sites  T  and  B. 
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LATITUDINAL  TEC  PROFILES  OVER  ARGENTINA 
BASED  ON  NNSS  DIFFERENTIAL  DOPPLER 
MEASUREMENTS  DURING  THE  PERIOD  1994-1996 

N  Jakowski1,  H-G  Kugland1,  S  Schluter1,  V  H  Rios2,  R  Inzirillo3, 

R  Leitinger4 


Differential  Doppler  measurements  at  the  NNSS  150/400  MHz  radio  beacons  were 
used  to  derive  latitudinal  profiles  of  TEC  over  Argentina.  The  measurements  have 
been  carried  out  in  the  frame  of  the  German/ Argentinean  TECUA  project.  During 
this  project  NNSS  receivers  were  installed  in  Argentina  along  a  meridional  chain  at 
different  places  such  as  Tucuman,  Mendoza,  Trelew,  and  TJshuaia. 

The  selected  observation  sites  are  suited  to  monitor  the  total  ionization  of  the 
ionosphere  over  South  America  in  the  latitude  range  15°  —  65°  S.  Calibrated  TEC 
profiles  were  obtained  by  applying  the  two-station-calibration  technique. 

To  derive  the  mean  diurnal  and  latitudinal  variation  of  the  ionosphere  over  Ar¬ 
gentina,  the  observations  are  monthly  averaged  over  the  whole  observation  period. 
The  observations  near  60  W  longitude  indicate  the  position  of  the  southward  crest 
region  at  about  20-30°  S.  The  observations  are  discussed  and  compared  with  corre¬ 
sponding  TEC  data  computed  from  the  IRI95  model. 

Keywords:  differential  Doppler  measurements;  IRI  95;  NNSS;  total  electron 
content,  TEC 


1*  Introduction 

The  begin  of  the  installation  of  a  NNSS  receiver  network  in  Argentina  within 
the  TECUA  project  and  preliminary  results  have  been  reported  earlier  (Jakowski 
et  al.  1994). 

The  differential  Doppler  measurements  made  within  the  TECUA  project  at 
different  stations  along  a  meridional  chain  cover  the  period  March  1994  -  December 
1996.  All  the  stations  which  were  included  in  the  measuring  program  for  a  certain 
time  are  listed  in  Table  I  and  indicated  in  a  geographical  map  shown  in  Fig.  1. 

It  becomes  clear  that  the  distribution  of  receiving  stations  is  well  suited  to 
monitor  the  ionosphere  in  the  latitude  range  15  —  65° S  over  the  South  American 
sector,  thus  including  mid-latitudes  as  well  as  the  crest  region  of  the  equatorial 
anomaly.  Up  to  now  only  a  few  long-term  TEC  observations  have  been  made  over 
South  America  under  low  solar  activity  (LSA)  conditions  by  Grimolizzi  (1980). 
More  knowledge  about  TEC  variations  is  available  for  high  solar  activity  conditions 
(Ezquer  and  Ortiz  de  Adler  1989). 

This  study  is  an  attempt  to  give  a  first-order-estimation  of  the  latitudinal  de¬ 
pendence  of  TEC  over  South  America  under  low  solar  activity  conditions.  It  should 

1Deutsches  Zentrum  fiirLuft-und  Raumfahrt  e.V.,  Fernerkundungsstation  Neustrelitz,  D-17235 
Neustrelitz,  Germany 

2Universidad  Naciona!  de  Tucuman,  Instituto  Fisica,  4000  TVicuman,  Argentina 
3Universidad  de  Mendoza,  IEMA,  5500  Mendoza,  Argentina 
4Karl-Franzens-Universitat  Graz,  IMG,  A-8010  Graz,  Austria 
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Table  I.  TECUA  receiving  ground  sta¬ 
tions 


Station 

Abbr. 

v[°S] 

A  [°W] 

Salta 

SA 

24.7 

65.4 

Tucuman 

TU 

26.8 

65.2 

Mendoza 

ME 

33.0 

68.8 

Trelew 

TR 

43.2 

65.3 

Ushuaia 

UA 

54.9 

68.3 

TEC-Monftoring  over  Argentina 

March  1994  -  December  1996 

TECUA  ground  station  sites 


Fig.  1.  Distribution  of  TECUA  receiving  stations  of  NNSS  satellites  over  Argentina 


be  mentioned  that  these  results  are  provisional  since  the  data  analysis  has  not  yet 
been  finished. 
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Fig.  2.  Subsequent  latitudinal  profiles  of  TEC  derived  from  observations  at  the  Mendoza  and 
Trelew  stations  on  December  2,  1994.  The  traces  of  the  subionospheric  points  are  shown  on  the 

top  by  dotted  lines 

2.  Data  analysis 

The  differential  phase  measurements  on  the  coherent  150/400  MHz  frequency 
signals  transmitted  by  the  NNSS  satellites  provide  the  original  data  base  for  the 
estimation  of  the  total  electron  content  (TEC)  of  the  ionosphere.  Unfortunately 
the  number  of  available  satellites  was  decreasing  during  the  observation  period 
from  7  at  the  beginning  to  3  transmitting  satellites  in  December  1996  due  to  the 
declining  phase  of  the  TRANSIT  satellite  navigation  system  which  is  now  com¬ 
pletely  replaced  by  the  Global  Positioning  System  (GPS).  Applying  the  two-station- 
calibration-method  (Leitinger  et  al.  1975),  absolute  TEC  data  can  be  derived  from 
the  measurements  obtained  at  well-spaced  stations. 

Due  to  a  number  of  data  gaps  at  singular  stations,  an  absolute  calibration  of 
TEC  was  not  possible  for  all  satellite  passes.  In  this  report  we  have  used  only 
reliable  results  of  two-station-calibrations.  Additional  results  will  be  saved  after  a 
more  careful  screening  and  correcting  of  the  original  observational  data.  To  have 
more  representative  data  for  the  regular  behaviour  of  the  ionosphere,  the  derived 
TEC  data  are  averaged  over  certain  observational  periods.  In  order  to  discuss 
the  observations  in  relation  to  commonly  used  models  of  the  ionosphere,  we  have 
compared  the  data  with  corresponding  IRI95-derived  TEC  data. 
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LATITUDE  [°S] 


Fig.  3.  Latitudinal  TEC  profiles  derived  from  measurements  at  the  TECUA  stations  Trelew  and 
Ushuaia  on  May  16,  1996,  17  UT  compared  with  corresponding  IRI95  model  data 


3.  Results  and  discussion 

The  NNSS  measurements  provide  a  lot  of  individual  snapshots  of  the  latitudinal 
TEC  profile  over  South  America,  illustrated  in  Figs  2  and  3.  The  TEC  profiles  in 
Fig.  2  which  are  derived  from  observations  at  the  TECUA  stations  Mendoza  and 
Trelew  give  an  impression  of  the  latitudinal  TEC-structure  during  late-evening  and 
morning  hours  on  an  arbitrarily  selected  day  in  summer.  The  longitude  range  of 
the  trace  of  the  subionospheric  points  (SP)  is  shown  in  the  upper  part  of  the  plots 
by  dashed  lines.  It  is  interesting  to  note  that  the  trend  of  the  TEC  profile  reverses 
during  night-time,  probably  related  to  enhanced  geomagnetic  activity  (Ap  =  24). 

Figure  2  shows  a  well  pronounced  crest  at  about  27°S  which  corresponds  with  the 
latitude  of  the  Tucuman  station.  As  it  should  be  expected,  the  data  of  the  Trelew 
and  the  Ushuaia  station  match  quite  well  indicating  a  reliable  TEC  calibration. 
The  comparison  with  the  corresponding  values  of  the  IRI95  model  indicates  a  much 
more  smooth  behaviour  of  the  model  around  the  crest  which  is  typical  for  an  average 
profile. 

Compared  with  modern  GPS-techniques  applied  for  TEC  estimation  (e.g. 
Jakowski  et  al.  1996),  the  disadvantage  of  NNSS  observations  is  their  disconti¬ 
nuity  in  time  since  the  discussion  of  dynamical  processes  developing  in  space  and 
time  requires  a  fast  sequence  of  measurements.  Unfortunately,  due  to  the  reduced 
number  of  satellites  the  sequence  was  rather  poor  at  the  end  of  the  project  phase. 
But  nevertheless,  due  to  the  high  latitudinal  resolution  of  TEC  illustrated  in  Figs 
2  and  3  it  is  valuable  to  discuss  the  actual  measurements  in  comparison  with  the 
‘normal’  behaviour  provided  by  averaged  data.  So  we  confine  our  attention  in  this 


Acta  Geod.  Geoph.  Hung.  33,  1998 


DIFFERENTIAL  DOPPLER  MEASUREMENTS 


57 


LATITUDE  [°S] 


LATITUDE  [°S] 


Fig.  4.  Latitudinal  profiles  of  TEC  averaged  over  winter  and  summer  month’s  including  all  satellite 
passes  with  SP  traces  inside  55°  <  Asp  <  78°W  longitude  range  within  the  observation  period 

March  1994  -  December  1996 

paper  to  the  estimation  of  the  average  behaviour  which  will  be  the  reference  for 
future  studies  of  more  dynamical  processes  such  as  ionospheric  storms. 

Averaged  longitudinal  profiles  are  shown  in  Fig.  4  under  different  time  condi¬ 
tions.  It  has  to  be  mentioned  that  the  data  basis  for  the  averaging  includes  all  NNSS 
passes  whose  subionospheric  traces  are  in  the  longitude  range  55  <  Asp  <  78° W.  So 
the  mean  Local  Time  corresponds  with  LT  =  UT  -  4.4  (hours).  Due  to  consider¬ 
able  differences  in  the  seasonal  behaviour,  we  consider  TEC  under  winter  (6,7)  and 
summer  (12,1)  conditions  separately. 
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Fig.  5.  Diurnal  variation  of  TEC  two  hourly  averaged  over  winter  and  summer  month’s  including 
all  satellite  passes  with  subionospheric  point  (SP)  traces  inside  55°  <  Asp  <  78°W  longitude  range 
within  the  observation  period  March  1994  -  December  1996 

In  the  late  evening  hours  (01  UT)  the  observations  fit  IRI95  values  very  well  at 
latitudes  southward  from  25°S  both  for  summer  as  well  as  for  winter  conditions. 
The  situation  is  quite  different  at  11  UT  just  before  sunrise.  All  this  time  the 
IRI95  values  overestimate  TEC  during  winter  and  underestimate  TEC  in  summer 
by  about  3  -  6  •  1016  m“2.  For  a  more  detailed  discussion  of  these  differences  near 
sunrise  the  longitude  range  of  selected  satellite  passes  covering  about  11/2  hours, 
has  to  be  reduced.  Whereas  at  19  UT  the  summer  values  match  quite  well,  the 
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winter  TEC  data  of  IRI95  and  TECUA  observations  differ  considerably  by  more 
than  10  -1016  m-2  especially  around  25-30°S.  The  observations  indicate  no  crest  at 
this  time.  The  rather  low  TEC  level  in  winter  is  quite  different  from  observations 
made  near  the  Northern  crest  region  at  the  Asian  sector  under  LSA-conditions, 
whereas  the  summer  level  again  agrees  quite  well  (Huang  et  al.  1989). 

No  systematical  comparison  with  the  individual  TEC  profiles  discussed  by  Gri- 
molizzi  (1980)  is  possible.  However,  the  corresponding  TEC  data  obtained  under 
winter  conditions  over  the  Tucuman  region  by  Grimolizzi  indicate  also  a  rather  low 
TEC  level. 

As  Fig.  5  shows,  the  overestimation  of  TEC  by  the  IRI95  model  in  winter  is  a 
systematical  effect  practically  for  all  latitudes  considered  here  at  daytime  hours.  The 
summer  values  fit  sufficiently  well,  indicating  that  IRI95  provides  a  good  description 
of  the  ionosphere  over  this  area  under  summer  conditions. 

4.  Summary  and  conclusions 

NNSS  differential  Doppler  measurements  carried  out  within  the  TECUA  project 
provide  TEC  data  over  South  America  in  the  latitude  range  15  —  65°  S  within  the 
time  period  March  1994  -  December  1996.  The  derived  latitude  profiles  of  TEC  in¬ 
dicate  the  appearance  of  a  well  developed  crest  in  the  latitude  range  20-30°S  during 
the  afternoon/evening  hours.  Observations  obtained  during  the  whole  measuring 
campaign  are  averaged  and  compared  with  corresponding  IRI95  data.  The  results 
are  typical  for  low  solar  activity  conditions. 

Generally  speaking,  both  the  derived  latitudinal  profiles  as  well  as  the  diurnal 
variations  of  TEC  in  summer  agree  quite  well  with  IRI95.  In  winter  IRI95  overes¬ 
timates  TEC  (up  to  a  factor  of  3)  at  all  latitudes  considered  here  during  day-time 
under  low  solar  activity  conditions  which  are  typical  for  the  whole  TECUA  mea¬ 
suring  campaign. 
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LATITUDE  DEPENDENT  MEAN  IONOSPHERIC 

HEIGHT 

—  A  NEW  APPROACH  TO  THE  TEC  EVALUATION 
FROM  NNSS  DATA 

R  Leitinger1,  P  Spalla2,  L  Ciraolo2 


The  evaluation  procedures  for  NNSS  Differential  Doppler  data  normally  use  a 
fixed  ionospheric  height  (usually  of  400  km;  considerably  larger  heights  have  to  be 
used  in  the  equatorial  anomaly  region). 

An  iterative  procedure  allows  the  use  of  latitude  dependent  mean  ionospheric 
height,  hi.  If  a  reasonable  model  can  be  used  from  which  to  derive  the  latitude 
dependence  of  the  F  layer  peak  height,  hm)  the  formula  hi  =  hm  +  50  km  leads  to  a 
reasonable  model  for  hi  =  hi(<f>). 

We  demonstrate  that  such  an  approach  leads  to  improvements  in  the  latitude 
dependence  of  vertical  electron  content  in  cases  of  comparatively  large  station  to 
station  differences  of  TEC.  The  most  important  region  in  which  the  iterative  proce¬ 
dure  should  be  applied  is  the  low  latitude  region,  especially  in  the  vicinity  of  a  peak 
of  the  equatorial  anomaly. 

Keywords:  ionospheric  height;  latitude  dependence;  NNSS;  TEC 


1.  Introduction 

Vertical  electron  content  (TEC)  is  an  important  indicator  for  the  overall  ioniza¬ 
tion  status  of  the  ionosphere.  At  least  over  Europe  we  have  only  navigation  satel¬ 
lites  as  data  sources:  the  modern  “Global  Navigation  Satellite  Systems”  (GNSS, 
presently  the  US  system  GPS  and  its  Russian  equivalent  GLONASS)  and  the  re¬ 
maining  active  satellites  of  the  former  US  Navy  Navigation  Satellite  System  (NNSS). 
GPS  and  GLONASS  have  satellites  in  orbit  heights  around  20000  km  and  orbit  in¬ 
clinations  of  55° (GPS)  and  65° (GLONASS).  NNSS  has  satellites  in  nearly  polar 
and  nearly  circular  orbits  in  heights  around  1100  km. 

We  discuss  the  concept  of  “mean  ionospheric  height”  and  a  latitude  dependence 
for  this  quantity  using  the  NNSS  geometry  but  remark  that  GPS/GLONASS  data 
reduction  too  needs  this  concept. 

2.  Slant  and  vertical  electron  content 

The  NNSS  satellites  transmit  two  carrier  signals  phase  coherently  (transmitted 
frequencies  fx  =  p  /r,  /2  =  q  fr,  fr :  “reference  frequency”,  p  =  3  and  q  =  8  are 
integer  numbers;  nominally  fr  =  50  MHz). 

The  observed  quantity  is  the  carrier  phase  difference  $  =  (f>\  / p  —  (j>2  /  q  (in  a 
sloppy  terminology  it  is  usually  called  “Differential  Doppler”).  In  a  (sufficiently 
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Fig.  1.  Ray  geometry.  R:  receiver  at  ground,  S:  satellite  transmitter,  C:  center  of  Earth,  zenith 
angle  of  ray  at  ground,  (3:  zenith  angle  along  ray,  <5:  angular  distance  SR  at  C 


accurate)  first  order  approximation  it  relates  to  “slant  electron  content”  Ij  (the 
number  of  free  electrons  in  a  tube  along  the  ray  path  with  a  cross  section  of  1  m  ) 
in  the  following  way: 


$  +  $0  = 


27 xj 


it 

/ 


Npds  — 


2  7r/ 


(Ne:  electron  density;  d  s :  straight  line  element;  integration  from  the  satellite  trans¬ 
mitting  antenna  at  S  to  the  receiving  antenna  at  R.  The  “initial  phase  value  4>0 
is  an  additive  constant  which  has  to  be  found  by  means  of  “evaluation  procedures” 
(see,  e.g.,  Leitinger  et  al.  1975,  Leitinger  and  Putz  1978,  Leitinger  et  al.  1984). 

The  projection  from  slant  to  vertical  gives  “vertical  electron  content”  (TEC) 
and  therefore  is  a  crucial  process  which  enhances  strongly  the  usefulness  of  the 
observations.  The  geometry  for  the  projection  is  shown  in  Fig.  1:  S,  R  and  the 
center  of  the  Earth,  C,  are  in  one  plane.  In  this  plane  we  adopt  for  coordinates  the 
height  h  and  the  angle  at  C,  5.  Be  /3  the  zenith  angle  along  the  ray  path,  C 
zenith  angle  of  the  ray  at  R.  From  the  triangle  RCS  we  gain  /?  —  C  -  S.  Furthermore 
we  have  d  s  =  — d  h/ cos/3. 

Then  we  have  the  relation  between  slant  and  vertical  electron  content,  I±  as 
follows: 


h 
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1 

cos/? 
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Fig.  2.  Sample  rays  from  two  ground  stations.  Top:  constant  mean  ionospheric  height  hi.  Bottom: 
mean  ionospheric  height  varies  with  the  horizontal  coordinate  <f>  (latitude).  zenith  angle  of  ray 
in  hi.  In  both  cases  co-planarity  is  an  approximation  (projection  onto  meridian  plane  in  case 

of  NNSS) 

(  means  averaging  in  such  a  way  that  the  equation  is  exactly  fulfilled;  x  1S  the 
zenith  angle  in  the  “mean  ionospheric  height”  hi  (Fig.  2)).  From  the  exact  value 
of  the  projection  factor 
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Fig  3  Model  NeUoG,  center  of  mass  hc  for  the  electron  distribution  along  the  rays,  equivalent 
slab  thickness  r,  and  A  —  hc  -  hm  for  15°  E,  October,  12  UT,  high  solar  activity  (SF  =  200). 
Ground  points  R  at  60°N,  45°N,  30°N,  15°N.  Panel  1  (top  left):  geogr.  latitude  vs.  zenith  axigle 
<\  Solid  lines:  North  pointing  rays,  dotted:  South  pointing  rays.  Panel  2  (top  right):  vertical  TEG 
from  NeUoG  vs.  geogr.  latitude  (crosses).  Solid  line:  third  order  interpolation  in  regioji  covered 
by  the  model  rays.  Panels  3  to  6:  hc,  r,  A  vs.  C  for  rays  originating  at  60°N,  45°N,  30°N,  15  N. 

Solid  lines  for  North  looking  rays,  dotted  lines  for  South  looking  rays 
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Fig.  4.  Model  NeUoG,  center  of  mass  hc  for  the  electron  distribution,  equivalent  slab  thickness 
r,  and  A  =  hc  —  for  15°  E,  October,  12  UT,  low  solar  activity  {Sp  ~  80).  Ground  points  R 
at  60°N,  45°N,  30°N,  15°N.  Panel  1  (top  left):  geogr.  latitude  vs.  zenith  angle  £.  Solid  lines: 
North  pointing  rays,  dotted:  South  pointing  rays.  Panel  2  (top  right):  vertical  TEC  from  NeUoG 
vs.  geogr.  latitude  (crosses).  Solid  line:  Third  order  interpolation  in  region  covered  by  the  model 
rays.  Panels  3  to  6:  /ic,  r,  A  vs.  <  for  rays  originating  at  60°N,  45°N,  30°N,  15°N.  Solid  lines  for 
North  looking  rays,  dotted  lines  for  South  looking  rays 
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follows  the  exact  value  of  the  mean  ionospheric  height 
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sinC _ 
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Since  both  the  height  profile  of  electron  density  f  Ne  d  h  and  electron  density  along 

o 

R 

the  ray  SR  f  Ne  d  s  are  not  known  we  have  to  use  an  estimate  h*  for  hi  instead 
s 

of  the  true  value.  By  means  of  model  calculations  it  has  been  shown  that  hi  is 
near  the  center  of  mass  hc  for  the  electron  distribution  along  a  slant  ray  path.  Let 
hc  =  hm  +  A.  If  we  exclude  strong  gradients  of  peak  electron  density  Nm  along 
the  ray  (vicinity  of  the  equatorial  anomaly,  severely  disturbed  conditions,  the  high 
latitude  case  of  very  strong  E  layer  ionization),  A  is  always  >  0. 

For  mid  latitudes  A  =  50  km  was  considered  to  be  a  good  value.  Recent 
calculations  based  on  both  Chapman  layers  and  more  realistic  models  have  shown 
that  A  depends  on  the  zenith  angle  of  the  ray,  on  the  height  profile,  on  horizontal 
gradients,  but  also  on  solar  activity,  season,  local  time,  on  the  latitude  of  the  ground 
station,  and  (to  a  much  lesser  degree)  on  the  longitude  of  the  ground  station.  For 
mid  latitudes,  under  undisturbed  conditions,  and  excluding  sunrise  effects,  it  is 
safe  to  neglect  the  influence  of  horizontal  gradients.  However,  even  for  a  purely 
spherical  electron  density  distribution  A  depends  on  the  zenith  angle  0  it  decreases 
with  increasing  C-  For  a  Chapman  layer  Ne  =  Nm  exp[l  -  z  -  exp(-z)]  with 
z  -  (h-  hm)/H i  for  h  <  hm  and  *  =  (h  -  hm)/H2  for  h  >  hm,  H2/H1  =  2,  we 
gained  the  following  “rule  of  thumb”  formulae:  A  =  0.4r  for  C  =  0°,  A  =  0.36r  for 
q  -  63°  and  &  -  o.3r  for  C  =  90°  (r:  equivalent  slab  thickness;  r  =  i?i  +  {e-l)H2). 

Simulations  based  on  the  model  ionosphere  NeUoG  (Leitinger  et  al.  1996,  1998) 
have  shown  that  stronger  gradients  can  lead  to  an  increase  of  A  with  (  or  to  a 
decrease  or  even  to  negative  A  values  for  high  zenith  angles  C  in  the  vicinity  of  the 
equatorial  anomaly  (Tables  I  and  II,  Figs  3  and  4). 

However,  under  strong  gradient  conditions  (e.g.,  in  the  vicinity  of  the  equatorial 
anomaly)  and  for  high  zenith  angles  h{  =  hc  might  not  be  the  best  possible  choice. 
If  peak  electron  density  increases  strongly  along  the  ray  hi  <  hc  is  a  better  choice 
and  A  =  50  km  is  a  good  compromise  (see  the  next  section). 


3.  Variable  mean  ionospheric  height 

For  routine  evaluation  of  large  quantities  of  data  a  variable  h*  is  not  practical 
and  not  necessary.  Such  data  are  used  for  long  term  investigations  (e.g.,  for  TEC 
mapping)  and  experience  has  shown  that  the  “calibration  methods  which  have 
to  be  applied  to  find  the  phase  constant  $0  introduce  larger  errors  than  a  wrong 
choice  for  h\.  Furthermore,  the  natural  variability  of  electron  content  is  very  large 
and  for  long  term  investigations  both  relative  “calibration”  and  “slant  to  vertical 
conversion”  errors  in  the  order  of  10%  are  easily  tolerable. 
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o 


o 


Fig.  5.  Heavy  lines:  projection  factor  cosx  vs.  angular  distance  from  ground  station  8  for  different 
mean  ionospheric  heights  h{.  Thin  lines:  points  with  given  zenith  angle  of  the  rays  at  the  ground 

station  £  (spacing:  2  degrees) 


For  individual  studies  the  situation  is  different.  For  such  it  makes  sense  to  adjust 
the  mean  ionospheric  height  to  the  actual  situation.  When  the  latitudinal  profiles 
of  vertical  TEC  gained  from  Diff.  Doppler  observations  from  a  chain  of  stations 
span  a  large  latitude  range,  a  constant  mean  ionospheric  height  is  not  always  good 
enough.  Therefore,  we  have  introduced  the  possibility  to  use  a  latitude  dependent 

hi 

In  general  this  approach  needs  a  model  for  the  latitude  dependence  of  hm  except 
when  the  latitude  dependence  of  hm  can  be  gained  from  measurements.  (Data 
sources:  Incoherent  Scatter,  Ionosonde  parameters,  true  height  analysis  of  bottom 
or  topside  ionograms;  in  the  near  future  inversion  of  GNSS  occultation  data.) 

A  change  of  hi  changes  the  latitude  profile  of  TEC  in  two  ways:  a)  by  changing 
the  projection  factors,  b)  by  shifting  the  “ionospheric  points”  P  which  are  the 
intersection  points  of  the  straight  lines  SR  with  the  hi  shell.  For  a  given  ray  path 
an  increase  of  hi  decreases  x  (and  therefore  increases  vertical  content)  and  shifts  P 
away  from  R  (compare  Fig.  5). 

The  ionospheric  points  P  are  found  by  means  of  an  iterative  algorithm.  Mean 
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latitude  0 


Fig.  6.  Model  NeUoG,  F  layer  peak  height  hm  vs.  latitude  for  15°  E,  October,  12  UT.  Left  hand 
side:  high  solar  activity  {SF  =  200),  right  hand  side:  low  solar  activity  (SF  =  80).  Crosses:  model 
values;  dotted:  polynomial  fit  (6th  order) 


ionospheric  height  hi  is  formulated  as  a  function  of  8  (Fig.  1).  For  a  given  ray  (with 
zenith  angle  C  at  R)  we  start  at  a  height  h  and  step  forward  by  increasing  h  until 
h  >  hi.  This  process  is  repeated  with  a  smaller  step  size  until  \h  —  hi\  <  £,  6  being 
a  preselected  accuracy  limit. 

For  NNSS  it  is  of  advantage  to  refer  to  a  geographic  meridian  which  can  be 
found  by  a  suitable  fit  to  the  400  km  ionospheric  points.  Then  hi  is  taken  as  a 
function  of  geographic  latitude,  e.g.,  as  a  short  polynomial. 

We  have  used  the  model  ionosphere  NeUoG  for  simulations.  Sample  results  are 
shown  in  Figs  6  and  7.  First,  peak  height  hm  was  calculated  from  NeUoG  for  fixed 
time  and  longitude  and  for  a  grid  of  latitudes  with  a  spacing  of  5°  (19  values  for 
latitudes  0°  to  90°). 

We  have  used  NeUoG  to  check  for  other  A  values  and  found  that  A  =  100  km 
was  definitely  too  large  even  under  conditions  of  hc  —  hm  >  100  km.  On  the  other 
hand,  A  ==  0  was  found  not  to  be  a  good  constant  value  even  for  equatorial  receiving 
stations. 

A  polynomial  of  degree  6  was  fitted  to  the  grid  point  values  in  one  hemisphere 
by  means  of  a  least  squares  procedure  (samples  for  low  and  high  solar  activity  are 
shown  in  Fig.  6).  hi  =  hm  +  A  was  used  for  the  mean  ionospheric  height.  For 
the  scenarios  investigated  so  far  a  constant  A  =  50  km  was  found  to  be  a  good 
compromise.  For  high  solar  activity,  day  time  (noon,  afternoon)  and  high  zenith 
angles  C  it  is  too  large  in  the  vicinity  of  the  crest  of  the  equatorial  anomaly  (Fig.  7, 
top  left).  A  decrease  of  A  with  C  from  about  A  =  50  km  to  A  =  10  km  would  give 
optimal  results. 
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Sf=200,  A=50  km 


Sf=200,  hj— 400  km 


SF=080,  A-50  km 


Sr=080,  h;=400  km 


Fig.  7.  Model  NeUoG,  vertical  electron  content  (TEC)  in  units  of  1015  m-2.  vs.  latitude  for  15° 
E,  October,  12  UT.  At  the  top:  high  solar  activity  (Sp  =  200),  at  the  bottom:  low  solar  activity 
( Sf  —  80).  Crosses:  given  values  (dots:  linear  interpolation);  projection  results:  the  symbols 
mark  the  end  points  (zenith  angle  £  =  ±90°)  and  the  mid  points  (£  =  0°).  Squares  for  “receiving 
station”  R  at  <f>  =  40° N,  triangles  for  R  at  <j>  =  45°N,  diamonds  for  R  at  <f>  —  50° N.  Left  hand 
side:  hi  =  +  A  with  A  =  50  km,  right  hand  side:  hi  —  400  km.  Heavy  lines:  projection  factor 

cosx  vs.  angular  distance  from  ground  station  S  for  different  mean  ionospheric  heights  hi.  Thin 
lines:  points  with  given  zenith  angle  of  the  rays  at  the  ground  station  (  (spacing:  2  degrees) 
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Table  la.  Model  ionosphere  NeUoG,  rays  from  45°N,  15°E,  October,  12  UT,  SF  -  200 


North  looking  rays  South  looking  rays 

£  A  A/r  Nm  t  hm  hc  A  A/r  Nm  T  hm 


0 

km 

km 

km 

km 

km 

9 

81.8 

0.306 

2.090 

266.7 

339.5 

421.3 

18 

81.7 

0.307 

2.094 

266.2 

338.8 

420.6 

27 

81.5 

0.307 

2.098 

265.6 

338.1 

419.6 

36 

80.7 

0.305 

2.102 

264.9 

337.3 

418.0 

45 

79.2 

0.300 

2.107 

264.1 

336.4 

415.5 

54 

75.9 

0.288 

2.110 

263.2 

335.3 

411.2 

63 

71.4 

0.272 

2.107 

262.1 

333.8 

405.2 

72 

62.7 

0.241 

2.087 

260.5 

331.9 

394.5 

81 

49.1 

0.190 

2.004 

258.5 

329.2 

378.3 

km 

km 

km 

km 

km 

81.0 

0.302 

2.081 

267.9 

340.8 

421.8 

80.3 

0.299 

2.077 

268.5 

341.6 

421.9 

79.3 

0.294 

2.072 

269,2 

342.4 

421.7 

77.8 

0.288 

2.069 

270.0 

343.4 

421.2 

75.9 

0.280 

2.067 

271.0 

344.7 

420.5 

73.3 

0.269 

2.071 

272.3 

346.4 

419.7 

69.9 

0.255 

2.090 

274.0 

349.2 

419.1 

66.3 

0.239 

2.166 

276.7 

354.1 

420.4 

61.3 

0.218 

2.504 

280.6 

365.0 

426.2 

Table  lb.  Model  ionosphere  NeUoG,  rays  from  30°N,  15°E,  October,  12  UT,  SF  —  200 


North  looking  rays 

£  A  A/r  Nm  r  hm 


South  looking  rays 

he  A  A/t  Nm  T  hm 


he 


°  km  km  km  km  km  km 


km  km  km  km 


9 

68.1 

0.242 

2.639 

281.7 

368.5 

436.7 

18 

66.8 

0.238 

2.570 

281.1 

366.7 

433.5 

27 

65.2 

0.233 

2.499 

280.5 

364.8 

430.1 

36 

63.5 

0.227 

2.424 

279.9 

362.7 

426.3 

45 

61.6 

0.221 

2.342 

279.2 

360.4 

422.0 

54 

59.2 

0.213 

2.252 

278.2 

357.6 

416.8 

63 

56.2 

0.203 

2.166 

276.6 

354.1 

410.2 

72 

51.7 

0.189 

2.094 

274.2 

349.5 

401.2 

81 

45.6 

0.169 

2.069 

270.0 

343.4 

389.0 

70.5 

0.249 

2.801 

282.9 

372.3 

442.8 

71.4 

0.252 

2.899 

283.6 

374.4 

445.8 

72.0 

0.253 

3.009 

284.3 

376.8 

448.7 

71.8 

0.252 

3.135 

285.2 

379.7 

451.5 

70.2 

0.245 

3.280 

286.5 

383.5 

453.8 

65.6 

0.227 

3.445 

288.4 

388.8 

454.4 

54.5 

0.187 

3.584 

292.0 

396.8 

451.3 

32.1 

0.108 

3.619 

298.3 

410.1 

442.1 

-3.9 

-0.012 

2.993 

314.7 

437.9 

433.9 

Table  Ic.  Model  ionosphere  NeUoG,  rays  from  15°N, 

15°E,  October,  12  UT,  SF  =  200 

<1 

North  looking  rays 

A  Jt  Nm  T  hm  hc  A 

South  looking  rays 

A/r  Nm  T  hm  hc 

°  km 

km  km  km  km  km 

km  km  km  km 

9 

36.3 

0.113 

2.794 

319.9 

18 

40.2 

0.127 

2.928 

316.3 

27 

43.7 

0.140 

3.074 

312.6 

36 

46.2 

0.150 

3.233 

308.9 

45 

47.3 

0.155 

3.407 

304.8 

54 

45.7 

0.152 

3.583 

300.5 

63 

39.5 

0.133 

3.632 

296.1 

72 

28.5 

0.098 

3.547 

290.7 

81 

16.7 

0.059 

3.092 

284.9 

445.0 

481.3 

27.3 

0.084 

440.2 

480.4 

22.6 

0.068 

435.0 

478.7 

17.9 

0.053 

429.2 

475.4 

13.3 

0.039 

422.5 

469.8 

8.7 

0.025 

414.6 

460.3 

4.0 

0.012 

405.5 

445.0 

-1.5 

-0.004 

394.0 

422.6 

-12.0 

-0.035 

378.7 

395.4 

-21.3 

-0.064 

2.567 

327.1 

454.6 

482.0 

2.469 

330.6 

459.8 

482.4 

2.371 

334.6 

465.3 

483.2 

2.272 

339.1 

471.5 

484.8 

2.176 

344.1 

478.5 

487.1 

2.113 

348.9 

486,1 

490.2 

2.174 

350.8 

493.0 

491.5 

2.385 

347.1 

495.8 

483.8 

2.741 

334.6 

480.1 

458.7 
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Table  Ha.  Model  ionosphere  NeUoG,  rays  from  45°N,  15°E,  October,  12  UT,  SF  =  80 


c 

A 

North  looking  rays 

A/r  Nm  T  hm 

he 

A 

South  looking  rays 

A/r  Nm  r  hm 

he 

0 

km 

km 

km 

km 

km 

km 

km 

km 

km 

km 

9 

109.1 

0.488 

0.609 

223.7 

250.7 

359.8 

110.1 

0.491 

0.616 

224.4 

251.0 

361.0 

18 

125.5 

0.561 

0.605 

223.5 

250.6 

376.1 

110.3 

0.491 

0.621 

224.4 

251.1 

361.4 

27 

107.0 

0.479 

0.601 

223.6 

250.5 

357.5 

110.4 

0.491 

0.626 

224.9 

251.4 

361.8 

36 

105.3 

0.471 

0.597 

223.4 

250.4 

355.7 

110.4 

0.490 

0.633 

225.3 

251.7 

362.1 

45 

102.6 

0.460 

0.593 

223.1 

250.3 

353.0 

110.4 

0.490 

0.644 

225.5 

252.1 

362.5 

54 

98.5 

0.442 

0.588 

222.8 

250.3 

348.8 

110.4 

0.489 

0.661 

225.9 

252.9 

363.3 

63 

91.7 

0.412 

0.581 

222.5 

250.3 

342.0 

110.9 

0.490 

0.692 

226.4 

254.2 

365.1 

72 

80.7 

0.363 

0.569 

222.1 

250.4 

331.1 

112.3 

0.496 

0.764 

226.5 

257.2 

369.5 

81 

64.1 

0.289 

0.543 

221.8 

250.7 

314.8 

111.7 

0.494 

0.992 

226.3 

264.7 

376.4 

Table  lib.  Model  ionosphere  NeUoG, 

rays  from  30°  N 

,  15°E, 

October,  12  UT,  Sp  = 

80 

< 

A 

North  looking  rays 

A/r  Nm  T  hm 

he 

A 

South  looking  rays 

A/r  Nm  T  hm 

he 

o 

km 

km 

km 

km 

km 

km 

km 

km 

km 

km 

9 

103.5 

0.456 

1.179 

226.8 

270.3 

373.8 

109.4 

0.482 

1.280 

227.0 

273.1 

382.5 

18 

100.2 

0.442 

1.135 

226.6 

269.0 

369.1 

112.1 

0.493 

1.340 

227.3 

274.6 

386.7 

27 

96.6 

0.426 

1.089 

226.6 

267.6 

364.2 

114.4 

0.503 

1.408 

227.6 

276.5 

390.9 

36 

92.7 

0.409 

1.040 

226.5 

266.2 

358.8 

116.0 

0.508 

1.487 

228.1 

278.7 

394.7 

45 

88.2 

0.389 

0.985 

226.4 

264.5 

352.7 

115.8 

0.506 

1.580 

228.8 

281.7 

397.5 

54 

82.9 

0.366 

0.921 

226.3 

262.6 

345.5 

111.7 

0.486 

1.691 

229.9 

285.9 

397.6 

63 

76.2 

0.336 

0.844 

226.3 

260.1 

336.3 

99.2 

0.427 

1.806 

232.4 

292.5 

391.7 

72 

69.1 

0.305 

0.757 

226.6 

256.9 

326.0 

72.4 

0.305 

1.890 

237.3 

303.4 

375.8 

81 

60.7 

0.269 

0.665 

226.0 

253.0 

313.7 

32.8 

0.132 

1.703 

249.1 

324.9 

357.7 

Table  lie.  Model  ionosphere  NeUoG, 

rays  from  15°N,  15°E,  October,  12  UT,  SF  — 

80 

< 

A 

A/r 

North  looking  rays 

Nm  T  hm 

he 

A 

A/r 

South  looking  rays 

Nm  T  hm 

he 

9 

82.2 

0.312 

1.360 

263.4 

341.5 

423.7 

73.3 

0.271 

1.226 

270.5 

347.5 

420.8 

18 

86.0 

0.331 

1.438 

259.7 

337.9 

423.9 

69.0 

0.252 

1.166 

274.1 

350.2 

419.2 

27 

88.7 

0.347 

1.523 

256.0 

334.0 

422.7 

65.2 

0.235 

1.105 

278.1 

353.1 

418.3 

36 

89.8 

0.356 

1.616 

252.3 

329.5 

419.3 

61.6 

0.218 

1.042 

282.6 

356.2 

417.7 

45 

88.4 

0.356 

1.718 

248.4 

324.1 

412.5 

56.5 

0.196 

0.976 

288.2 

359.8 

416.3 

54 

83.3 

0.341 

1.826 

244.3 

317.5 

400.8 

53.2 

0.181 

0.913 

294.4 

364.2 

417.4 

63 

72.9 

0.303 

1.892 

240.1 

309.4 

382.3 

48.9 

0.164 

0.914 

297.5 

370.8 

419.6 

72 

56.9 

0.242 

1.869 

235.3 

299.0 

355.9 

36.0 

0.123 

1.019 

293.9 

379.0 

415.0 

81 

39.3 

0.171 

1.656 

229.6 

284.5 

323.9 

10.9 

0.038 

1.229 

284.8 

383.3 

394.2 
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TEC  (GIB  AQU  GRA) 


TEC*  (GIB  AQU  GRA) 


Fig.  8.  Example  for  the  evaluation  of  Differential  Doppler  observations  using  a  fixed  mean  iono¬ 
spheric  height  of  400  km  (left  hand  side)  and  a  variable  hi  (right  hand  side).  Observing  stations 
GIBilmanna  (dashed  line),  L’AQUila  (heavy  line)  and  GRAz  (dotted  line).  25  October,  1995, 

around  10:18  UT 

With  NeUoG  we  have  also  checked  the  choice  of  hi  =  400  km  and  found  that  this 
value  leads  to  vertical  TEC  results  which  are  comparable  in  quality  with  the  A  =  50 
km  results  under  most  conditions  of  high  solar  activity  for  lower  mid  latitudes  and 
even  in  the  vicinity  of  the  equatorial  anomaly  (Fig.  7,  top  right).  Under  conditions 
of  low  solar  activity  hi  =  hm  +  50  km  clearly  gives  better  results  than  hi  —  400 
km,  especially  in  higher  mid  latitudes  (Fig.  7,  bottom  right).  However,  for  mass 
evaluation  of  large  amounts  of  data  the  complication  to  introduce  a  model  for  hm 
is  not  justified.  If  needed  for  individual  studies  re-projection  of  TEC  data  is  easy 
to  carry  out  if  the  geographic  coordinates  of  the  ionospheric  points  are  known. 

An  example  from  observed  values  is  shown  in  Fig.  8.  The  Diff.  Doppler  data 
from  the  three  stations  Gibilmanna  (38.0°N,  14.0°E),  L’Aquila  (42.3°N,  13.4°E)  and 
Graz  (47.1°N,  15.5°E)  were  first  evaluated  with  hi  =  400  km  (two  stations  method 
for  the  combination  of  Gibilmanna  and  L’Aquila  data  —  see  Leitinger  et  al.  1975, 
least  squares  fit  of  the  data  from  Graz  to  the  TEC  data  from  L’Aquila).  The  latitude 
dependence  of  vertical  electron  content  shows  a  considerable  divergence  (left  panel  of 
Fig.  8).  A  new  evaluation  was  made  with  hm  =  250— 4.167(0— </>o)+0. 0833(0— <A>)2, 
(j)0  =  48°N,  hm  in  km.  The  coefficients  were  estimated  on  the  basis  of  model  data 
for  hm  and  on  the  basis  of  GPS-MET  occultation  results  (Leitinger  et  al.  1997) 
which  gave  a  rather  thin  F  layer  in  rather  low  heights.  The  vertical  TEC  data 
gained  with  hi  =  400  km  were  re-projected  using  hi(</>)  =  hm((f>)  -+-  50  km.  The 
results  are  shown  in  the  right  panel  of  Fig.  8.  The  divergence  of  the  three  TEC 
curves  is  appreciably  smaller.  The  remaining  divergence  is  partly  caused  by  smaller 
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scale  structures  in  the  latitudinal  dependence  of  true  vertical  TEC,  partly  by  the 
oversimplification  of  the  hi{(j>)  model. 

4.  Conclusions 

Simulations  based  on  a  Chapman  model  and  on  the  model  ionosphere  NeUoG 
as  well  as  an  application  to  observations  have  shown  that  a  latitude  dependent 
mean  ionospheric  height  is  of  value  for  case  studies  provided  that  information  on 
the  latitude  dependence  of  F  layer  peak  height  hm  is  available.  One  possibility 
to  gain  hm  (</>)  data  is  the  “educated  use”  of  a  model.  The  ITU-R  maps  (formerly 
CCIR  maps,  CCIR  1967)  for  the  ionogram  parameters  /oF2,  M3000(F2),  f0 E  can  be 
used  to  provide  the  input  values  for  one  of  the  established  “formulae”  for  hm .  The 
maps  could  be  updated  with  observed  ionogram  parameters  using  “nowcasting” 
procedures.  Updating  of  hm  maps  constructed  from  the  ITU-R  maps  with  hm 
values  from  the  true  height  analysis  of  ionograms  is  an  alternative.  (Remark:  hm 
and  Nm  of  NeUoG  is  based  on  the  ITU-R  maps.)  For  regional  applications  the  use 
of  regional  maps  is  recommended  (e.g.,  the  PRIME/COST  238  maps  for  Western 
Europe,  Bradley,  1995).  For  most  purposes  h =  hm((j))  +  A  is  an  adequate 
approach.  A  constant  A  of  50  km  gave  good  results. 

On  the  basis  of  recent  simulations  the  “old”  recommendation  hi  =  hm  +  50  km 
is  maintained  but  our  results  show  that  for  high  zenith  angles  £  this  value  for  the 
mean  ionospheric  height  can  differ  by  up  to  ±70  km  from  the  height  of  the  center 
of  gravity  hi  of  the  electron  density  distribution  along  the  rays. 

A  fixed  hi  of  400  km  is  appropriate  for  routine  evaluation  of  NNSS  observations. 
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SOME  RESULTS  ON  GPS-NNSS  TEC  COMPARISON 

L  ClRAOLO1  and  P  Spalla1 


Availability  of  three  years  of  TEC  versus  latitude,  obtained  from  NNSS  differen¬ 
tial  doppler  measurements,  enables  to  give  a  contribution  to  the  study  of  TEC  of  the 
upper  part  of  the  ionosphere. 

Keywords:  GPS;  GPS-NNS  TEC  differences;  NNSS;  plasmaspheric  content 

1.  Basic  considerations  on  GPS  and  NNSS  data  analysis 

—  For  both  GPS  and  NNSS:  Equation  of  observation:  d  =  k  •  TEC  +  p. 

Observed  Differential  Phase  and/or  Group  Delays,  d;  total  electron  content, 
TEC;  bias  or  offset,  p. 

Extra  problems  for  phase:  inherent  ambiguity,  cycle  slips. 

—  Model:  Vertical  total  electron  content  (VEC):  TEC(P-S)  =  VEC(Piono)  secx* 
Ionosphere:  slab  of  infinitesimal  width  at  400  km  height. 

Solution  of  d  =  VEC  •  sec  x  +  P  enables  estimation  of  VEC. 

—  NNSS  analysis:  One  station:  assuming  VEC  quasi- linear  function  of  Pj0no5  $• 
VEC($)  =  (d  -  p)  cosx,  A  VEC  =  A(dcosx)  -  0A(cosx). 

LSQ  solution  for  intercept  AVEC  and  slope  p. 

Two  stations:  assuming  that  observations  relative  to  the  same  ionospheric 
point  have  the  same  VEC  (neglecting  the  longitude  displacement) 

(d{t i)  -  Pi)  cos  xi  =  ( d(t2 )  -  P2)  cosx2 

LSQ  solution  for  p\  and  /?2. 

Final  product:  VEC  at  every  degree  of  latitude  along  the  track  of  Pjono* 

—  GPS  analysis:  Assumptions  for  VEC  over  the  station:  a)  dependence  on  time 
and  longitude  only  through  the  Local  Time;  b)  linear  dependence  on  latitude. 

Given  a  time  t8  at  the  station,  observations  from  satellite  i  and  j  at  the  same 
LT  are  paired  in  order  to  give  the  same  VEC,  giving  the  equations  of  condition: 

\d{ti)  -  Pi]  cos  Xi  ~  m(ts)  ■  ($i  -  $s)  =  [d(tj)  -  0j]cosxj  -  m(ts)  ■  ($j  -  $*) . 

LSQ  solution  for  biases  P's  and  latitude  slopes  m(t8)  smoothed  over  20  min¬ 
utes. 

Final  product:  VEC  and  latitude  slope  daily  curves  at  each  10th  minute, 
satellite  plus  receiver  biases  (group)  or  phase  offsets  (phase). 
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2 ♦  The  comparison  method 

NNSS  provides  TEC  evaluations  and  their  accurate  latitudinal  dependence  sparse 
in  time;  GPS  provides  continuous  TEC  evaluations. 

The  comparison  proceeds  as  follows,  as  described  in  Fig.  1: 

—  the  NNSS  TEC  value  at  the  latitude  of  the  GPS  station  (Matera)  is  interpo¬ 
lated  from  the  latitudinal  curve, 

—  this  NNSS  TEC  value  is  tagged  with  the  epoch  of  the  closest  approach,  instead 
of  with  the  actual  time  of  crossing  the  parallel  of  the  GPS  station, 

—  these  NNSS  TEC  values  are  plotted  on  the  GPS  TEC  daily  curves  displaced 
in  time  according  to  the  difference  in  longitude  between  the  ionospheric  point 
of  the  NNSS  measurement  and  that  of  the  GPS  station.  This  accounts  for 
the  local  time  dependence  of  the  ionosphere,  in  accordance  with  the  above 
assumptions. 

A  typical  example  for  a  given  day  is  shown  in  Fig.  2,  in  which  the  continuous 
line  is  the  GPS  TEC  daily  curve  and  the  single  points  are  NNSS  TEC’s.  The  results 
of  about  3  years  of  daily  curves  of  GPS  TEC  and  about  42000  NNSS  TEC  passes 
(from  only  one  station  during  1994  and  mainly  from  two  stations  during  1995  and 
1996)  are  available  and  can  be  compared.  This  analysis  follows  a  similar  one  carried 
out  on  two  years  (1994-95)  observations  and  constitutes  its  improvement  (Ciraolo 
and  Spalla  1997). 


Fig.  1.  The  geometry  of  GPS  and  NNSS  observations 
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If  actual  slant  TEC’s  in  the  same  direction  were  compared,  the  GPS  TEC  will 
always  be  larger  than  NNSS  TEC,  and  the  difference  accounts  for  the  electron  con¬ 
tent  between  the  two  satellites.  It  can  be  expected  that  for  vertical  TEC’s  evalu¬ 
ated  as  described  in  the  previous  sections,  the  following  equation  holds:  VECgps  = 
VECnnss  +  where  all  the  quantities  involved  are  positive:  no  particular  physical 
meaning  is  given  in  this  moment  to  the  differences  P. 


3.  Results  of  the  comparison  for  GPS-NNSS  differences 

As  can  observed  in  Fig.  2,  there  are  some  NNSS  points  showing  a  TEC  larger 
than  the  one  provided  by  GPS,  which  is  non  physical.  These  events  must  be  con¬ 
sidered  only  as  being  derived  from  bad  solutions  whether  in  GPS  or  NNSS  TEC  or 
in  both. 

The  statistics  of  the  differences,  P  between  TEC  evaluated  from  GPS  and  that 
evaluated  from  NNSS,  computed  individually  over  the  data  of  each  year,  have  con¬ 
firmed  the  absence  of  daily  or  seasonal  trends  as  the  previous  analysis.  The  results 
of  present  analysis  are  summarized  in  Table  I. 

40 


TECu 


20 


0 

0  6  12  10  24 

UT 

Fig.  2.  Daily  curve  of  measured  TECs:  the  dotted  line  is  the  GPS  TEC,  the  filled  points  are  the 
NNSS  measurements  derived  from  the  two  stations  solutions,  the  empty  ones  are  TEC  from  one 
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Table  I.  The  results  of  the  statistical  study 


1994 

All  data 

Set  3 

Set  2 

Set  1 

Processed  data 

13620 

11458 

10158 

6811 

Negat.  values 

2095 

15% 

902 

8% 

291 

3% 

0 

Average 

2.31 

2.62 

2.60 

2.58 

Stand,  deviat. 

4.33 

1.76 

1.37 

0.77 

Correlat.  coef. 

0.74 

0.94 

0.96 

0.99 

Slope 

0.95 

0.96 

0.97 

0.99 

Error  of  slope 

0.0074 

0.0034 

0.0028 

0.0020 

Intercept 

-1.80 

-2.25 

-2.32 

-2.43 

Error  of  interc. 

4.32 

1.75 

1.36 

0.76 

Median  2.59 

lower  quartile  1.11 

upper  quartile  4.02 

1995 

All  data 

Set  3 

Set  2 

Set  1 

Processed  data 

17473 

15124 

13230 

8738 

Negat.  values 

2753 

16% 

1305 

9% 

446 

3% 

0 

Average 

1.91 

2.37 

2.36 

2.35 

Stand,  deviat. 

3.84 

1.62 

1.24 

0.72 

Correlat.  coef. 

0.75 

0.93 

0.96 

0.99 

Slope 

1.01 

1.00 

0.99 

0.99 

Error  of  slope 

0.0068 

0.0031 

0.0025 

0.0018 

Intercept 

-2.05 

-2.35 

-2.25 

-2.30 

Error  of  interc. 

3.84 

1.62 

1.24 

0.72 

Median  2.38 

lower  quartile  0.97 

upper  'quartile  3.58 

1996 

All  data 

Set  3 

Set  2 

Set  1 

Processed  data 

12000 

9456 

8360 

6001 

Negat.  values 

4004 

33% 

2319 

24% 

1816 

22% 

1005  17% 

Average 

-2.68 

1.21 

1.35 

1.32 

Stand,  deviat. 

18.22 

2.77 

2.01 

1.22 

Correlat.  coef. 

0.12 

0.74 

0.84 

0.94 

Slope 

0.63 

0.97 

1.02 

1.04 

Error  of  slope 

0.0465 

0.0091 

0.0071 

0.0051 

Intercept 

5.55 

-0.99 

-1.49 

-1.62 

Error  of  interc. 

18.17 

2.77 

2.01 

1.19 

Median  1.49  lower  quartile  1.63  upper  quartile  3.11 


The  first  step  of  the  analysis  was  the  evaluation  of  medians  and  quartiles.  We 
define  four  sets  of  data:  one  contains  all  data,  one  (named  1  in  all  the  tables)  the 
data  falling  in  the  interquartile  range,  the  others  (2  and  3)  contain  the  data  falling 
respectively  in  the  double  and  the  triple  of  the  interquartile. 

The  following  quantities  have  been  evaluated  for  all  these  sets:  the  total  num¬ 
ber  of  cases,  the  negative  values  and  their  relative  frequencies,  the  averages,  the 
standard  deviations.  Medians  and  quartiles  are  also  reported. 

The  negative  values  of  P  contained  in  all  the  sets  are  almost  the  same  in  1994 
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Fig.  3.  A  correlation  curve  of  one  year  of  data  (1994) 

and  1995,  while  in  1996  increase  significatively.  This  seems  to  be  correlated  with 
the  decrease  of  the  medians  during  the  three  analysed  years  (accounting  for  the 
minimum  of  the  solar  cycle?).  This  is  a  disagreement  with  the  current  models; 
further  observations  during  the  increasing  solar  cycle  are  any  way  needed  to  reach 
conclusive  results.  The  last  analysis  carried  out  was  a  direct  comparison  between  the 
two  sets  of  TEC.  The  above  assumption  —  expressed  by  VEC<?ps  =  VEC nnss  +  P 
— ,  seems  to  be  confirmed  by  the  analysis,  so  that  it  can  be  expected  that,  by  plotting 
the  NNSS  TEC  versus  the  corresponding  GPS  TEC,  the  resulting  distribution  can 
be  described  by  a  straight  line  of  unitary  slope  and  negative  intercept.  Several 
linear  regressions  were  applied  to  the  above-defined  sets  of  data  (Fig.  3). 

The  results  are  reported  in  Table  I  too.  Given  that,  by  taking  the  values  between 
the  quart iles,  the  number  of  points  is  half  of  the  total,  case  2  and  3  contain  about 
90%  of  the  points  in  1994  and  1995,  80%  in  1996:  i.e.  it  was  sufficient  to  reduce 
the  range  of  the  data  only  slightly  in  order  to  exclude  most  of  the  outliers.  All  the 
resulting  slopes  amount  practically  to  1.  The  correlation  coefficient,  which  is  rather 
poor  for  all  data,  converges  rapidly  towards  1  in  the  other  cases.  The  intercept 
behaves  in  a  similar  way,  converging  to  a  value  decreasing  versus  the  year  as  for  the 
median. 
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4.  Results  of  the  comparison  for  GPS-NNSS  latitudinal  dependence 

(slope) 

As  reported  above,  NNSS  data  analysis  provides  actually  VEC  as  function  of 
latitude.  GPS  analysis  provides  the  coefficient  of  the  (assumed)  linear  dependence 
of  VEC  on  latitude,  m(t):  this  slope  has  to  be  considered  as  an  average  slope  over 
the  horizon  of  the  observing  GPS  station.  In  order  to  make  a  comparison  between 
the  two  techniques,  an  average  NNSS  slope  has  been  evaluated  still  over  the  horizon 
of  the  NNSS  station,  and  this  slope  was  compared  with  the  GPS  one  at  the  same 
epoch. 

Using  the  huge  amount  of  available  data,  statistically  significative  season  sub¬ 
sets  have  been  obtained.  As  for  VEC,  two  different  types  of  analysis  have  been 
carried  out  for  each  seasonal  subset.  The  linear  regression  of  NNSS  vs.  GPS  slopes 
didn’t  give  evidence  of  correlation:  this  is  probably  due  to  the  errors  intrinsic  in 
the  GPS  analysis  which  assumes  a  linear  latitude  dependence  overall  the  station 
horizon.  We  plan  to  improve  the  analysis  using  more  sophisticated  models  of  lati- 


Slope  of  TEC  vs.  latitude:  hourly  median 


solid  drde-NNSS  1994  autumn 

cirde-GPS 


Fig.  4.  An  example  of  a  daily  curve  of  median  slopes  (autumn) 
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tudinal  dependence,  as  for  example  the  regional  model  of  COST  238,  and/or  global 
models  as  IRI. 

On  the  other  hand,  the  direct  examination  of  GPS  and  NNSS  median  slopes 
(see  Fig.  4  as  an  example,  where  circles  are  the  medians  and  bars  represents  the 
interquartile  ranges)  plotted  versus  time  of  the  day  shows  rather  clearly  for  both 
sets  a  similar  diurnal  behaviour  dependent  on  season.  These  results,  contrary  to 
regression  ones,  push  to  refine  the  investigation,  whose  first  approach  will  be  a 
spectral  analysis. 


5.  Conclusions 

The  results  presented  above  shed  light  on  two  important  points:  the  comparison 
between  two  different  techniques  of  TEC  evaluation,  and  a  contribution  to  the 
knowledge  of  the  TEC  between  1100  and  20000  km,  which  is  currently  a  relatively 
unknown  field.  It  must  be  kept  in  mind  that  the  present  analysis  refers  to  a  middle- 
latitude  situation. 

We  cannot  state  that  this  analysis,  at  least  at  this  stage,  can  provide  an  ef¬ 
fective  tool  to  sound  the  plasmaspheric  content,  mainly  as  comparisons  are  made 
among  measurements  taken  over  very  different  ray  paths,  and  the  accuracy  of  GPS 
TEC  evaluations  is  of  the  same  order  of  the  plasmaspheric  content  itself.  These 
considerations  make  it  unlikely  that  these  results  derive  from  systematic  errors;  it 
rather  suggests  that  some  physical  quantity  is  being  measured,  and  that  refining 
the  methods  of  analysis  (i.e.  limiting  only  to  close  GPS  and  NNSS  ray  paths),  some 
contribution  to  the  knowledge  of  electron  content  between  1100  and  20000  km  could 
be  given. 
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AN  INVESTIGATION  OF  THE  IONOSPHERE 
IN  THE  SOUTHERN  HIGH  LATITUDES 
DURING  LOW  SUNSPOT  NUMBERS 

B  S  Tate1,  N  M  Shilo1,  E  A  Essex1 


During  the  period  of  1993-1996,  the  transmissions  from  the  US  Navy  Navigational 
Satellite  System  (NNSS)  polar  orbiting  satellites,  received  at  Casey  (66.28  degrees  S, 
110.5  degrees  E),  Antarctica,  were  used  to  investigate  the  amplitude  scintillations  on 
150  MHz  and  the  Ionospheric  Total  Electron  Content  obtained  using  the  Differential 
phase  technique.  The  differential  phase  technique,  measuring  the  phase  difference 
between  the  two  coherent  transmissions  on  150  MHz  and  400  MHz  from  the  NNSS 
satellites,  permits  only  relative  TEC  changes  to  be  calculated.  Absolute  TEC  is  es¬ 
timated  from  the  relative  TEC  using  the  /0F2  obtained  from  the  digisonde  records 
from  Casey  station  or  from  GPS  measurements.  A  JMR-1  satellite  receiver  system 
is  used  to  obtain  the  phase  and  amplitude  data,  with  all  measurements  logged  on  a 
PC.  A  special  antenna  with  high  gain  at  high  elevation  enabled  the  reception  of  high 
quality  signals  from  the  NNSS  satellites.  Scintillation  measurements  were  obtained 
from  a  purpose  built  receiver,  attached  to  the  24  MHz  IF  output  of  the  JMR.  Investi¬ 
gations  of  the  ionospheric  enhancements  known  as  polar  patches,  and  the  depletions, 
known  as  polar  holes  were  carried  out.  In  order  to  locate  the  patches  and  polar 
holes,  the  TEC  data  are  mapped  in  MLT  magnetic  co-ordinates.  Comparisons  to  re¬ 
sults  similarly  obtained  from  GPS  satellites  are  also  made.  The  results  obtained  are 
in  agreement  with  the  earlier  findings.  However,  comparisons  with  models  indicate 
large  discrepancies  when  patches  and  holes  are  present. 

Keywords:  GPS;  NNSS;  polar  holes;  polar  patches;  TEC 


Introduction 

The  polar  cap  station  Casey  is  the  ideal  location  to  investigate  the  occurrence  of 
holes,  patches  and  associated  scintillation  in  the  Southern  high  latitude  ionosphere. 
TEC  was  monitored  using  the  constellation  of  NNSS  polar  orbiting  satellites.  The 
NNSS  satellite  constellation  consists  of  four  active  satellites,  with  several  others  on 
standby  at  any  given  time.  Completing  approximately  thirteen  orbits  per  day,  the 
satellites  are  visible  two  or  three  times  a  day  above  an  elevation  of  45°  at  any  given 
fixed  site. 


Total  electron  content  (TEC)  theory 

Total  electron  content  is  defined  as  the  number  of  electrons  in  a  volume  of  one 
square  meter  in  cross-section,  extending  along  a  ray  path  from  a  satellite  to  a  ground 
receiver. 

TEC=  J  N(s)ds.  (1) 
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Using  the  differential  phase  method  this  becomes: 


na 

J 


Ndh  -  Acosxm 


o 


(2) 


where  A  =  1.2969  •  1015  m2. 

Ordinary  critical  frequencies  (f0 F2)  are  used  to  generate  a  baseline  which  can 
then  be  used  to  calculate  absolute  TEC  (Fox  and  Mendillo  1991). 

TEC  =  124  •  1013(/oF2)2  •  r ,  (3) 


where  r  =  ionospheric  slab  thickness. 

The  TEC  values  are  plotted  using  magnetic  co-ordinates  (MLT). 


Scintillation  theory 

Variations  in  amplitude,  phase  or  angle  of  arrival  of  radio  signals  are  known 
as  scintillations.  These  effects  result  when  a  radio  wave  propagating  through  the 
ionosphere  is  diffracted  by  irregularities  which  are  moving  relative  to  the  raypath. 
Scintillations  are  characterised  by  the  scintillation  index  S4,  which  provides  a  level 
of  scintillation  activity”.  S4  Is  defined  as; 


S4  = 


(4) 


where  P  is  the  average  power  received. 


Location  of  experiment 

Casey  Station  (formerly  Wilkes)  was  the  third  permanent  ANARE  station  to  be 
established  on  the  Antarctic  mainland.  Casey  is  situated  at  the  geographic  location 
of  66.3°S,  110.5°E,  with  the  magnetic  co-ordinates  -80.4A,  L  =  35.9.  Its  position, 
inside  both  the  cusp  and  auroral  region,  make  it  an  ideal  place  to  monitor  the  polar 
hole.  An  example  of  all  NNSS  passes  over  a  24  hour  period,  in  relation  to  Casey  is 
shown  in  Fig.  la.  All  GPS  passes  visible  in  the  same  time  span  are  also  shown  in 
Fig.  lb. 


Equipment 

Phase  and  amplitude  data  were  recorded  using  equipment  located  at  Casey, 
Australian  Antarctic  Territory.  The  equipment  consisted  of  a  JMR  satellite  receiver, 
and  an  IBM-compatible  PC.  The  PC  is  used  to  control  the  JMR  receiver,  and  is 
also  used  to  record  the  differential  phase  and  signal  strengths  to  hard  disk.  This 
data  are  also  backed  up  onto  cartridge  for  permanent  storage.  High  quality  signals 
are  obtained  from  the  NNSS  satellites  due  to  the  use  of  an  antenna  which  consists  of 
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Fig.  la.  Satellite  coverage  as  seen  from  Casey  during  a  24  hour  period  for  NNSS 


Fig.  lb.  Satellite  coverage  as  seen  from  Casey  during  a  24  hour  period  for  GPS 

two,  short  helical  coils  tuned  to  150  MHz  and  400  MHz  respectively.  These  coils  have 
polar  patterns  which  enable  high  gain  at  high  elevations  to  be  received.  Scintillation 
measurements  are  taken  using  a  receiver,  attached  to  the  24  MHz  IF  output  of 
the  JMR.  The  receiver  allows  amplitude  variations  to  be  recorded,  together  with 
differential  phase.  /0F2  is  collected  using  the  DPS-4  ionospheric  sounder  located 
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12  12 


Fig.  2.  Locations  of  Patches  as  seen  by  NNSS  for  a)  1994  and  b)  1995,  plotted  in  magnetic 

co-ordinates 


at  Casey,  provided  courtesy  of  Auroral  and  Space  Physics,  Australian  Antarctic 
Division.  Data  are  collected  for  approximately  15  days  per  month,  separated  into 
5  days  of  scintillations  and  TEC  and  10  days  of  TEC  only  being  recorded.  Samples 
of  both  differential  Doppler  and  scintillations  are  ftp’d  to  La  Trobe  once  a  month. 
The  bulk  of  the  data  is  archived  and  returned  to  Australia  at  the  end  of  the  year. 


Patches 

Solar  produced  F-region  plasma  is  carried  through  the  dayside  cleft  and  into 
the  polar  cap  by  anti-sunward  convection  from  the  post-noon  ionosphere.  This 
plasma  enters  the  polar  cap  as  a  tongue  of  ionisation  which  provides  the  source 
for  enhanced  polar  cap  F-region  plasmas,  or  ‘patches’  which  are  observed  at  high 
polar  latitudes  away  from  noon.  Up  to  5  times  to  10  times  above  background  level, 
these  patches  are  localised  regions  of  increased  F-region  density,  which  can  be  up 
to  1000  km  across.  Patches  are  thought  to  occur  most  often  in  April  and  August, 
and  less  likely  to  occur  in  January  and  July  (Rodger  and  Graham  1996).  Patches 
are  most  likely  to  occur  when  the  Bz  component  of  the  IMF  is  southward,  or  when 
Kp  >  4.  It  is  possible  to  track  these  patches  using  the  method  of  differential  phase 
determination  of  columnar  TEC,  and  hence  determine  some  of  the  dynamics  of  the 
polar  cap  ionosphere  (Beggs  et  al.  1994).  Using  the  above  conditions  as  a  guide, 
patches  were  located  on  several  occasions  during  the  period  of  April  1994  through 
to  August  1995.  These  patches  are  plotted  in  magnetic  co-ordinates  (see  Fig.  2), 
and  selected  samples  are  plotted  in  geographic  co-ordinates  (see  Fig.  3).  GPS  data 
was  also  analysed  for  the  month  of  April,  1995.  The  location  of  suspected  patches 
found  from  these  measurements  is  shown  in  Fig.  4,  with  a  sample  plotted  in  both 
UT  and  MLT  shown  in  Fig.  5. 
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Fig.  3.  Selected  patches  as  seen  by  NNSS  from  1995,  plotted  in  geographic  co-ordinates 


Fig.  4.  Locations  of  Patches  as  seen  by  GPS  for  1995,  plotted  in  magnetic  co-ordinates 


Holes 

The  ionisation  ‘hole’  poleward  of  the  nightside  auroral  zone  first  became  evident 
during  the  late  1970’s  (Brinton  et  al.  1978  and  Crowley  et  al.  1993).  It  arises 
due  to  the  long  transport  time  of  ionisation  from  the  dayside  across  the  dark  polar 
cap.  The  polar  hole  is  expected  to  be  located  in  the  post-midnight  sector  (0-3h 
MLT)  when  the  IMF  Bz  is  southward  with  a  positive  By ,  whilst  it  is  expected  to  be 
found  in  the  pre-midnight  sector  of  the  polar  cap  (21-24h  MLT)  when  the  IMF  Bz 
is  southward  with  a  negative  By.  It  is  also  expected  that  the  polar  hole  ionisation 
density  is  lowest  during  winter  with  a  minimum  density  in  the  southern  hemisphere 
at  20. 3h  UT  for  all  seasons.  This  hole  can  also  be  located  using  differential  phase 
TEC  measurements.  The  hole  was  located  at  various  times,  during  the  period  of 
April  to  August  1995,  for  both  IMF  BZ1  By  <  0,  and  for  IMF  Bz  <  0,  By  >  0. 
These  locations  are  plotted  in  magnetic  co-ordinates,  as  shown  in  Fig.  6,  and  for 
selected  passes  in  geographic  co-ordinates  as  shown  in  Fig.  7. 
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Fig.  5.  A  patch  in  April  1995,  as  seen  by  GPS,  plotted  in  UT  (solid  line)  and  MLT  (dotted  line) 


12  12 


and  b)  IMF  By  >  0 


Comparisons  with  models 


Selected  TEC  passes  were  compared  to  results  from  the  Parametrized  Iono¬ 
spheric  Model  (PIM).  Clearly,  the  results  obtained  experimentally  do  not  corre¬ 
spond  particularly  well  with  the  expected  results  obtained  from  PIM.  PIM  does  not 
give  the  correct  background  levels  of  TEC  for  most  of  the  passes  analysed.  The 
experimental  background  levels  were  between  5-10  TEC  units  different  to  that  pre¬ 
dicted  by  PIM.  PIM  also  does  not  predict  the  position  of  the  polar  hole  with  any 
level  of  certainty.  Some  samples  of  these  measurements  are  shown  in  Fig.  8. 
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Fig.  7.  Selected  NNSS  satellite  passes  from  1995  showing  holes,  plotted  in  geographic  co-ordinates 


Absolute  Vertical  TEC 


Absolute  Vertical  TEC 


Fig.  8.  Selected  NNSS  absolute  TEC  measurements  (solid  line),  showing  related  PIM  results 

(dotted  line)  as  a  comparison 
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Discussion 

The  ionisation  ‘hole’  was  observed  on  several  days  during  the  months  of  April 
to  August  1995.  The  hole  was  predominantly  situated  between  -70  to  -80  invariant 
latitude,  between  21-24h  MLT  (By  <  0),  and  0-3h  MLT  ( By  >  0).  Patches  were 
observed  in  the  -80  to  -90  invariant  latitude  region,  predominantly  between  12-24h 
MLT,  on  several  days  throughout  the  periods  of  April  to  November  1994,  and  April 
to  August  1995.  November  1994  and  April  1995  were  the  times  when  patches  were 
most  often  observed.  TEC  levels  rose  by  a  factor  of  2  times  to  4  times  that  of 
background  levels  during  the  event  of  a  patch.  Strong  scintillation  was  observed 
on  several  occasions  when  TEC  levels  rose  significantly  compared  to  background 
levels.  Two  patches  were  identified  at  the  same  location  using  both  GPS  and  NNSS 
measurements  (see  Figs  2b  and  4).  Optical  measurements  will  be  needed  to  ascertain 
if  these  are  in  fact  the  same  patches. 

Conclusions 

This  study  shows  that  the  method  of  differential  phase  determination  of  total 
electron  content  can  be  used  to  locate  patches  and  holes  in  the  polar  cap  ionosphere. 
Patches  were  observed  using  NNSS  satellite  passes  on  a  total  of  seven  days  during 
1995,  and  eight  days  during  1994.  Several  of  the  patches  located  using  NNSS  were 
verified  by  comparing  similar  results  obtained  using  GPS  satellite  measurements. 
Patches  were  only  located  for  times  of  IMF  Bz  <  0,  and  in  regions  of  -80  to  -90 
invariant  latitude.  Holes  were  found  over  a  five  month  period  from  April  to  August 
1995,  in  two  regions,  dependent  on  whether  IMF  By  was  positive  or  negative. 
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NEW  NNSS  CONFIGURATION:  PROBLEMS  AND 
ADOPTED  SOLUTIONS 

L  Ciraolo1  and  P  Spalla1 


The  new  operational  configuration  of  NNSS  involves  problems  concerning  some 
aspects  of  TEC  evaluation  from  Doppler  measurements.  One  of  these  is  the  different 
frequency  offset  needed  for  satellites  operating  on  the  “maintenance  frequency”.  The 
second  one,  common  to  all  NNSS  satellites,  is  due  to  the  message  no  more  updated. 

This  implies  unavailability  of  satellite  identification,  orbital  information,  capability 
to  set  stationtime.  The  solutions  adopted  for  IROE  doppler  stations  are  described. 

Keywords:  differential  Doppler;  NNSS;  orbital  elements;  timing 

At  the  beginning  of  1997,  the  Navy  Navigation  Satellite  System  (NNSS)  has  been 
disabled  from  being  standard  service  for  navigation.  The  performance  of  the  system 
has  been  changed  as  synthetically  sketched  in  Table  I.  Given  that  the  two  carriers 
have  been  kept  on,  it  is  possible  to  continue  acquiring  Differential  Doppler.  Many 
other  characteristics  that  make  us  able  to  design  a  stand-alone  system  changed. 
Some  satellites  have  been  switched  to  the  so-called  Maintenance  Frequency  (MF), 
changing  the  offset  from  -80  ppm  to  -150  ppm.  The  message,  which  carried  infor¬ 
mation  about  orbital  elements,  satellite  identification  and  the  way  to  synchronize 
to  the  NNSS  time  scale,  are  no  more  updated.  The  only  usable  information  is 
the  satellite  identification  wired  in  the  on-board  hardware.  In  this  new  situation, 
the  stand-alone  system  could  provide  only  Doppler  Differential  measurement,  but 
lacking  completely  any  information  concerning  the  actual  positions  of  the  satellite, 
needed  to  extract  TEC. 

In  order  to  provide  this  information,  the  old  system  (left  drawing  in  Table  II)  has 
been  developed  as  described  in  the  right  side  of  Table  II,  according  to  the  following 
directions: 

1.  Provision  of  an  external  switchable  oscillator  to  enable  the  reception  of  the 
MF  satellites,  too. 

2.  Use  of  a  commercial  GPS  receiver  board,  to  provide  synchronization  of  PC 
time  to  GPS  time.  This  solution  has  been  adopted  in  order  to  be  able  to 
locate  the  receivers  in  any  site. 

3.  Downloading  of  the  NORAD  orbital  elements  from  the  Web  page  of  Grove 
Enterprise  inc.,  in  charge  of  Dr.  Tohmas  S  Kelso.  These  elements  will  be  used 
both  in  the  data  analysis  after  the  observations,  and  in  preparing  alerts  to  be 
sent  to  the  receiving  stations. 

The  former  setup,  developed  at  IROE,  was  presented  at  BSS94  (Ciraolo  et  al. 
1994)  and  it  is  here  reported  in  Fig.  1.  The  system  operated  fully  on  a  stand-alone 
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Table  I.  Status  of  NNSS  before  and  after  January  1997 


NNSS  Status 
Beginning  1997 


HI  channel:  400  Mhz  -  80  ppm 

LO  channel:  150  MHz  -  80  ppm 

HI  &  LO  channel  phase  modulated 
by  same  message  (MSG) 

containing: 

Satellite  Identification 
Orbital  Elements 
NNSS  Time  Scale 


HI  channel:  400  Mhz  -  80  ppm  or  -150  ppm 

LO  channel:  150  MHz  -  80  ppm  or  -150  ppm 

LO  channel  modulation:  telemetry 
HI  channel  phase  modulation  as  before 

containing: 

Wired  Satellite  Number 
Remaining  information  meaningless 


way.  In  fact  it  provided  acquisition  of  Differential  Doppler  and  message  decoding, 
from  which  ephemeral  information  and  timing  were  obtained.  It  has  been  operat¬ 
ing  for  three  years,  till  the  end  of  standard  service  of  NNSS,  in  the  locations  of 
Gibilmanna  and  L’Aquila.  This  system  was  designed  using  commercial  Geodetic 
Receivers  (GeoRx)  according  to  the  same  conceptual  scheme  used  by  most  inves¬ 
tigators,  i.e.  interfacing  the  GeoRx  to  a  Personal  Computer  (PC)  (both  pieces  of 
commercial  equipment)  via  a  suitable,  expressly  designed  circuitry.  Great  effort  was 
made  to  make  the  solution  as  more  versatile  as  possible,  and  to  reduce  the  needed 
electronics  at  minimum.  This  was  possible  using  for  most  of  signal  processing  the 
software  approach. 

A  very  simple  single  board  interface  accesses  three  signals  inside  the  GeoRx, 
namely  the  HI  and  LO  Doppler,  and  the  HI  channel  phase  detector  output,  per¬ 
forming: 

1.  Hard  limiting  of  the  phase  detector  output  and  generation  of  a  Doublet  rate, 

both  signals  at  TTL  level. 

2.  Evaluation  and  digitalization  of  the  phase  difference  between  the  properly  scaled 

HI  and  LO  Doppler  signals. 

Once  fed  into  the  PC,  the  signals  were  processed  by  a  suitable  software,  which 
controlled  the  system  initialization  and  system  monitoring  and  maintenance,  too. 

The  only  operator  attendance  requested  was  a  periodic  check  of  system  perfor¬ 
mance  and  the  change  of  data  diskette  every  second  week. 

The  new  operational  configuration  of  NNSS  excludes  the  capability  to  real¬ 
ize  a  fully  stand-alone  system.  In  fact,  timing  and  ephemeral  information  must 
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Table  II.  Sketch  of  the  receiving  system  before  and  after  January  1997 

NNSS  Doppler  Acquisition  System 
-  Beginning  1997  - ► 


be  provided  by  means  external  to  NNSS.  A  very  convenient  way  to  perform  time 
synchronization  is  using  a  commercial  GPS  board  receiver,  which,  for  the  global 
peculiarities  of  GPS  itself,  is  able  to  operate  practically  everywhere  any  time.  This 
implied  additional  software  to  keep  PC  time  synchronised  to  GPS  time.  Concerning 
timing,  the  receiver  can  be  considered  still  stand-alone. 

Once  a  precise  timing  is  provided,  the  real  time  knowledge  of  the  orbital  elements 
during  the  measurements  is  not  essential.  Nevertheless,  their  use  is  recommended 
to  give  the  operator  alerts,  a  useful  tool  to  check  the  performance  of  the  station. 
This  is  one  of  the  reasons  by  which  we  provide  orbital  elements  to  the  stations. 
Another  good  reason  is  that  we  are  setting  up  an  automatic  procedure  to  switch 
the  receiver  to  MF  or  SF  according  to  the  scheduled  pass.  Orbital  elements  files 
are  obtained  via  Internet,  and  distributed  to  the  stations  on  a  montly  basis.  The 
evaluation  of  the  alerts  occurs  automatically  at  the  beginning  of  each  day. 

In  conclusion,  all  the  components  of  the  old  system  are  still  used,  providing 
Differential  Doppler  and  message  decoding:  this  operation  gives  only  a  hardwired 
satellite  identification,  which  is  very  effective  in  the  following  data  analysis.  An 
overall  sketch  of  the  modifications  and  new  developments  are  shown  in  Fig.  2. 
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DETECTION  OF  THE  SOUTHERN  HEMISPHERE 
MAIN  TROUGH,  EFFECTS  OF  AURORAL  ACTIVITY 
AND  NIGHTTIME  TEC  ENHANCEMENTS  WITH  GPS 

I  Horvath1  and  E  A  Essex1 


Total  electron  content  (TEC)  values  are  obtained  from  measurements  of  the  Gobal 
Positioning  System  (GPS)  satellite  signals  at  the  Australian  and  sub-Antarctic  re¬ 
ceiver  stations  situated  at  mid  and  high  latitudes  in  the  southern  hemisphere.  A 
technique  was  developed  to  derive  GPS  TECs  from  raw  data  files.  The  reduced 
data  of  1995  and  1996  were  used  to  investigate  the  diurnal  and  seasonal  variations  of 
the  TEC  in  the  region.  Various  features  were  also  studied  such  as  the  mid-latitude 
trough,  the  effects  of  auroral  activity  on  GPS  recording  and  nighttime  TEC  en¬ 
hancements.  The  latitudinal  motion  of  the  mid-latitude  through  was  observed  as 
well  as  the  magnetic  activity  dependence  of  the  geographic  location  of  the  auroral 
oval.  The  seasonal  variation  in  the  time  of  occurrence  of  nighttime  TEC  enhance¬ 
ments  was  also  investigated.  The  GPS  findings  were  compared  with  TEC  from 
TOPEX/POSEIDON  satellite  and  f0 F2  data.  Theoretical  TECs  were  obtained  by 
employing  an  ionospheric  model  called  PIM  (Parameterized  Ionospheric  Model),  and 
results  were  compared  with  experimental  values. 

Keywords:  auroral  oval;  mid-latitude  through;  nighttime  TEC  enhancement; 
TEC 


Introduction 

The  aim  of  this  study  was  to  develop  a  procedure  to  derive  GPS  TECs  from 
raw  data  files  and  to  monitor  the  ionization  of  the  upper  atmosphere  in  the  Aus¬ 
tralian  and  sub- Antarctic  regions  in  order  to  investigate  various  ionospheric  forma¬ 
tions.  The  results  from  GPS  were  compared  with  TOPEX/POSEIDON  TEC  and 
ionosonde  data. 

The  area  of  study  comprises  the  mid  latitude  Australian  and  the  high  latitude 
sub- Antarctic  regions.  Here,  the  following  Australian  and  New  Zealand  dual  fre¬ 
quency  GPS  recording  stations  are  situated:  Ceduna,  Tidbinbilla,  Hobart,  Welling¬ 
ton  and  Macquarie  Island  (see  Table  I  and  Fig.  1).  Three  stations  are  particularly 
significant  both  latitude-wise  and  longitude-wise  and  these  are  Tidbinbilla,  Hobart 
and  Macquarie  Island.  The  geographic  longitudes  of  these  stations  are  very  similar 
meaning  that  the  universal  time  of  GPS  recording  is  almost  the  same.  Latitude- wise 
these  stations  are  relatively  closely  spaced,  therefore  provide  a  continuous  North- 
South  latitudinal  TEC  coverage.  The  significance  of  the  sub-Antarctic  station  of 
Macquarie  Island  is  also  related  to  its  unique  position  in  the  auroral  zone  charac¬ 
terized  by  a  relatively  low  geographic  latitude  (54.4°S)  and  at  the  same  time  a  high 
geomagnetic  latitude  (65. °S)  (Lambert  and  Cohen  1986). 

1School  of  Physics,  La  Trobe  University,  Bundoora,  Vic.,  3083,  Australia,  e-mail: 
e.essex@latrobe.edu.au 
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Table  I.  List  of  receiver  sites  used  for  GPS  sallite  data  collection 


Station 


Ceduna 

Hobart 

Macquarie  Island 

Tidbinbilla 

Wellington 


Country 


Australia 
Australia 
Australia 
Australia 
New  Zealand 


GPS  Receiver 


R  SNR-8100 
R  SNR-8100 
R  SNR-8100 
R  SNR-8 
R  SNR-8100 


Geog.lon.  Geog.lat.  Agency 

(°E)  (°S) 

133.81  31.87  AUSLIG 

147.43  42.80  AUSLIG 

158.94  54.50  AUSLIG 

148.97  35.38  NASA/JPL 

174  78  41.27  AUSLIG 


This  project  makes  use  of  dual  frequency  GPS  measurements  to  map  the  loniza- 
tion  of  the  upper  atmosphere  in  the  area  of  interest.  In  GPS  satellite  experiments, 
GPS  users  correct  for  ionospheric  errors  on  two  L  Band  radio  signals  (  — 

1.57542  GHz;  L2  =  1.22760  GHz)  that  propagate  earth-space.  Two  ot  these  er¬ 
rors  are  known  as  carrier  phase  advance  (A <j>)  and  group  path  delay  (AT).  They 
offer  the  opportunity  to  evaluate  the  quantities  of  differential  carrier  phase  (6 A<p) 
and  differential  time  delay  (<5AT)  at  the  two  frequencies,  and  their  combination 
allows  one  to  derive  the  total  electron  content  along  the  lme  of  sight  unambiguous  y 
(Klobuchar  1994).  Since  the  orbital  height  of  GPS  satellites  (20183  km)  is  in  t  e 
range  of  the  plasmasphere,  therefore  GPS  TECs  are  the  sum  of  ionospheric  and 
plasmaspheric  contents. 

The  ground  based  GPS  measurements  were  combined  with  satellite  data  ot  the 
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12  12.5  13  13.5 

Universal  Time  (Hr) 


Fig.  2.  Plots  showing  absolute  and  relative  TECs  representing  a  less  accurate  absolute  scale  (top 
curve)  and  a  more  accurate  relative  scale  (bottom  curve)  and  the  concept  of  baseline 

TOPEX/POSEIDON  mission  in  order  to  investigate  ionospheric  processes  sepa¬ 
rately.  The  TOPEX/POSEIDON  mission  started  in  1992  and  one  of  its  main  ob¬ 
jective  is  to  accurately  measure  the  height  of  the  sea  surface.  Since  the  satellite 
carries  a  dual  frequency  ( fi  =  5.3  GHz;  /2  =  13.6  GHz)  altimeter  system  on  board 
and  the  orbital  height  of  the  satellite  (1330  km)  is  in  the  range  of  the  ionosphere, 
unambiguous  ionospheric  TEC  measurements  over  the  Pacific,  Indian  and  Atlantic 
Oceans  are  available  for  the  scientific  community. 

Theory  and  satellite  techniques 

Due  to  the  presence  of  a  large  number  of  electrons,  propagating  transionospheric 
radio  signals  experience  a  complex  carrier  phase  change  (0),  where  the  ionospheric 
component  is  known  as  ionospheric  carrier  phase  advance  (A </>).  At  the  same  time, 
there  is  a  certain  amount  of  retardation  or  delay  on  the  modulation  of  radio  waves 
and  the  time  delay  is  called  group  path  defect  (AT).  If  the  number  of  frequencies 
is  two,  the  terms  differential  carrier  phase  (SAcj))  relative  to  the  lower  frequency 
(see  Eq.  (1)),  and  differential  time  delay  (5 AT)  between  the  two  frequencies  can 
be  determined  (see  Eq.  (2)). 


(i) 

o 

8 

SAT“i(l: <2> 

0 

where  K  =  80.62  (m3/s2),  m  =  Li/L2  =  1.2833,  N  =  electron  density  (e”/m3). 

Dual  frequency  GPS  users  make  use  of  these  erors,  which  can  be  obtained  from 
the  direct  outputs  of  ground  based  receivers  and  they  give  the  opportunity  to  obtain 
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Data  File:  AIISLIG,  Station:  Macquarie  Island,  Latitude  Band:  52.5  -  56.5  (°S) 
Date:  17/10/95  (Regular  World  Day) 


Universal  Time  (Hr) 


Fig.  3.  A  daily  TEC  plot  depicting  a  day-time  vernal  equinox  trough 


Data  Files:  JPL  and  AUSLIG,  Stations:  Tidbinbillt,  Hobart  and  Macquarie  Island 
Date:  17/10/95  (Regular  World  Day),  Kp:  3.3 
UT:  5-6  (Hr),  LT:  3  -  4  pm  UT:  6-7  (Hr),  LT:  4  -  5  pm 


UT:  7 - 8  (Hr), LT:  5-6  pm  UT:  9-10  (Hr),LT:  7-8  pm 


Fig.  4.  Hourly  latitudinal  maps  depicting  a  day-time  vernal  equinox  trough 


Acta  Geod.  Geoph.  Hung.  33,  1998 


SOUTHERN  HEMISPHERE  MAIN  TROUGH 


101 


Data  File:  TOPEX/POSEIDON,  Cycle:  83,  Date:  13/2/95 
TJT:  2.12-  2.83  (Hr),  LT:  12.12  - 12.83  pm 
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Fig.  5.  A  latitudinal  map  depicting  the  equatorial  anomaly  and  a  day-time  autumnal  equinox 

trough 

Data  File:  AUSLIG,  Station:  Macquarie  Island,  Latitude  Band:  52.5  -  56.5  ( °S) 


Universal  Time  (Hr) 


Fig.  6.  A  digital  plot  depicting  the  scintillation  of  carrier  phase  signal  as  a  response  to  auroral 

disturbance 


the  values  of  slant  relative  and  slant  absolute  TEC,  respectively.  By  plotting  the 
raw  GPS  data  against  the  time  of  recording  (see  Fig.  2),  it  is  clearly  seen  that 
the  curve  of  slant  absolute  TEC  is  a  noisy  absolute  scale,  while  the  graph  of  slant 
relative  TEC  shows  a  smooth  relative  scale. 

In  order  to  obtain  the  values  of  true  slant  TEC,  a  baseline  for  the  relative  scale 
is  determined  by  fitting  it  to  the  absolute  scale  (see  Fig.  2  and  Eq.  (3)).  With  the 
knowledge  of  the  orbital  elements  of  the  satellite,  a  vertical  content  can  be  obtained 
(see  Eq.  (4)). 
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Data  File:  AUSLIG,  Station:  Hobart 
Latitude  Band:  41.0  -  45.0  (°S),  PRN  No.:  29 
Date:  20/2/96  (Regular  World  Day),  Kp:  3.0 


Data  File:  AUSLIG,  Station:  Macquarie  Island 
Latitude  Band:  52.5  -  56.5  (°S) 

PRN  No.:  15,  Date:  17/10/95,  Kp:  1.3 


MOflnpMt  LonglM*  I  °E) 


Fig.  7.  Plots  depicting  auroral  disturbance  related  small  scale  TEC  fluctuations  (left  panel)  and 
the  location  of  the  activity  itself  in  the  grid  of  geographic  co-ordinates  (right  panel) 


slant  TEC  =  j  Nds  =  SAt/)  +  baseline  (3) 

0 


vertical  TEC  =  slant  TEC  *  cos  x  ■  (4) 

The  TOPEX/POSEIDON  ocean  altimetry  satellite  measures  an  apparent  height 
(P)  instead  of  true  height  (R) ,  due  to  the  dispersive  effect  of  the  ionosphere.  Dual 
frequency  TOPEX/POSEIDON  users  make  use  of  the  height  correction  (A R  in 
milimetres)  carried  out  relative  to  the  higher  frequency  (see  Eq.  (5)).  Since  this 
term  is  proportional  to  the  number  of  free  electrons  encountered,  a  vertical  iono- 
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Data  Files:  JPL  and  AUSLIG,  Stations:  Tidbinbilla  and  Hobart 
Date:  19/4/95  (Priority  Regular  World  Day) 

Latitude  Band:  33.0  -  37.0  (*S),  PRN  Nos.:  7  and  27  UT:  14  - 15  (Hr),  LT:  midnight  - 1  am 
so 
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1* 

>* 
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0 


Data  File:  JPL,  Station:  Tidbinbilla,  Latitude  Band:  33.0  -  37.0  (°S) 
Legend:  mean  average  TEC  +/-  o  (standard  deviation) 
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Fig.  8.  Daily  (top  left  panel)  and  hourly  (top  right  panel)  plots  of  GPS  TECs  depicting  a  nighttime 
TEC  enhancement  occurring  in  the  month  of  April  1995  and  plots  of  monthly  mean  average  TECs 
depicting  an  ionization  build-up  occurring  in  different  time  sectors  and  its  forward  movement  in 

time  (bottom  panel) 

spheric  TEC  can  be  obtained  (see  Eq.  (6))  (Imel  1994). 

s 

AR  =  P-R=-^  J  Nds  (5) 

0 

A  P  *  f  2 

vertical  TEC  =  _4Q^  ■ .  (6) 

Data  processing  procedure 

A  large  GPS  database  was  established  by  regular  downloading  through  Internet 
during  the  calendar  years  of  1995  and  1996.  According  to  availability,  JPL  and 
AUSLIG  data  files  had  been  collected,  which  are  published  in  a  common  Receiver 
Independent  Exchange  Format  (RINEX).  The  raw  data  files  were  reduced  to  GPS 
TECs  by  using  computer  programs  designed  to  automate  not  only  the  procedure 
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Data  File:  TOPEX/POSEIDON,  Cycle:  96,  Date:  24/4/95,  UT:  12.35  - 13.02  (Hr),  LT:  10.35  - 11.02  pm 
i  Geo.ll.on.:  142(4)  _  | _ ~T  ZIZ  I 
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Data  File:  foF2,  Station:  Canberra,  Date:  16/4/95  -  22/4/95 
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Universal  Time  (Hr) 

Fig.  9.  TOPEX/POSEIDON  (top  panel)  and  /0F2  plots  of  seven  days  (bottom  pane!)  imaging  a 
nighttime  TEC  enhancement  occurring  in  the  month  of  April  1995 

of  curve  fitting,  but  also  the  task  of  cycle  slip  correction  prior  to  any  offset  cal¬ 
culation.  The  calibration  values  of  the  biases  of  the  two  GPS  transmitted  signals 
for  each  satellite  were  incorporated  into  the  computation  of  true  slant  TEC  values. 
The  biases  for  the  Tidbinbilla  GPS  receiver  were  also  incorporated  and  used  as  a 
calibration  for  the  other  GPS  receivers. 

The  TOPEX/POSEIDON  data  are  stored  on  CD-ROMs,  where  each  CD  con¬ 
tains  the  recordings  of  two  complete  cycles  and  each  cycle  is  made  up  of  254  passes. 
In  order  to  deal  with  the  huge  database  efficiently,  an  algorithm  was  written  to  se¬ 
lect  passes  that  might  contain  the  features  of  interest.  The  raw  satellite  data  were 
reduced  to  vertical  TECs  by  employing  a  computer  program  constructed  to  carry 
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Station:  Macquarie  Island,  Date:  20/9/95  (Priority  Regular  World  Day) 

Month:  September,  Season:  Venial  Equinox 

Data  File:  AUSLIG,  Latitude  Band:  52.5  -  56.5  (°S)  Kp:  3.0,  Sunspot  No.:  21, 10.7  cm  flux:  76.2 
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Fig.  10.  A  daily  GPS  plot  depicting  a  vernal  equinox  daytime  trough  (left  panel)  and  a  PIM 
derived  TEC  curve  constructed  for  the  same  day 


out  all  the  necessary  calculations.  The  values  of  vertical  TEC  were  averaged  over 
20  seconds  along  the  satellite  track  in  order  to  minimize  the  noise  effect  due  to  wave 
height  variations  without  degrading  the  accuracy. 


Results  and  discussion 

The  southern  hemisphere  mid-latitude  trough 

The  mid-latitude  or  main  trough  is  a  well  known  ionospheric  formation  of  both 
hemispheres.  The  terminology  of  “main  trough”  was  introduced  by  Muldrew  in 
1965  to  designate  an  electron  depletion  zone,  extending  in  the  magnetic  East- West 
direction,  in  the  F2  region.  Soon  after  Muldrew  first  recognized  this  persistent 
nighttime  feature  from  critical  frequency  data,  the  same  phenomenon  was  identi¬ 
fied  and  studied  from  ion  trap  measurements  by  Sharp  (1966),  who  named  it  the 
“mid-latitude  trough” .  The  trough  itself  is  the  manifestation  of  a  sudden  electron 
density  depletion  in  the  mid  latitude  ionosphere  created  by  normal  F  region  pro¬ 
cesses  such  as  plasma  convection,  ion  production  and  ion  loss.  In  both  hemispheres, 
the  trough  is  situated  equator  wards  of  the  auroral  oval  (L  «  4;  A  «  60°  —  56°,  ac¬ 
cording  to  magnetic  activity).  As  Mallis  and  Essex  (1993)  pointed  out,  the  southern 
hemisphere  main  trough  is  not  exlusively  a  nocturnal  phenomenon,  as  is  its  north¬ 
ern  hemisphere  counterpart,  possibly  due  to  the  larger  offset  between  the  southern 
hemisphere  geographic  and  magnetic  poles. 

In  this  study,  GPS  data  recorded  from  Macquarie  Island  were  used  to  identify  the 
mid-latitude  trough  in  the  southern  hemisphere.  Unfortunately,  the  data  collected 
did  not  cover  the  complete  calendar  year  selected,  but  still  supported  the  study  of 
the  trough  in  most  of  the  seasons.  Adopting  the  classification  of  Mallis  and  Essex 
(1993),  the  southern  hemisphere  main  trough  was  classified  as  autumnal  equinox, 
winter,  vernal  equinox  or  summer  trough  according  to  its  seasonal  occurrence.  The 
seasons  are  defined  as  3  month  periods  centred  on  the  months  of  equinoxes  or 
solstices.  The  best  trough  findings  were  in  the  season  of  vernal  equinox.  Daily  TEC 
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profiles  were  constructed  by  plotting  the  values  of  vertical  GPS  TEC,  originating 
from  a  4  degree  latitude  band  centered  on  the  recording  station,  against  local  or 
station  time  to  show  the  trough  and  one  plot  is  presented  here  (see  Fig.  3).  As 
is  seen,  the  characteristics  of  the  trough  such  as  the  steep  trough  walls  and  the 
building  up  of  ionization  are  well  defined.  While  the  steep  equator  ward  wall  is  the 
manifestation  of  the  sudden  electron  density  depletion,  the  building  up  of  ionization 
is  an  indication  of  incoming  plasma  entering  into  the  polar  circulation  (Foster  1993). 

Latitudinal  maps  are  particularly  useful  to  picture  the  structure  of  the  ioniza¬ 
tion  at  mid  and  high  latitudes.  These  maps  were  constructed  by  plotting  GPS  TEC 
values,  obtained  from  the  recording  stations  of  Tidbinbilla,  Hobart  and  Macquarie 
Island,  against  geographic  latitudes  for  a  certain  one  hour  time  period  (see  Fig.  4). 
As  is  seen,  at  mid  latitudes  the  vertical  TEC  increases  gradually  towards  the  equa¬ 
tor,  as  is  expected  according  to  theoretical  predictions,  while  at  high  latitudes  the 
trough  appears.  As  these  maps  are  constructed  for  certain  hourly  time  intervals,  by 
comparing  them,  the  movement  of  the  trough  can  be  concluded.  Accordingly  the 
trough  came  in  at  3  o’clock  in  the  afternoon  (see  top  left  panel  of  Fig.  4),  then  it 
moved  towards  the  equator  (see  top  right  panel  of  Fig.  4)  and  later  in  the  afternoon 
it  moved  back  towards  the  pole  (see  bottom  right  panel  of  Fig.  4). 

TOPEX/POSEIDON  data  show  similar  results.  Vertical  TEC  values  obtained 
from  TOPEX/POSEIDON  satellite  data  were  plotted  against  geographic  latitudes. 
It  is  evident  on  the  latitudinal  map  constructed  (see  Fig.  5),  that  the  TEC  linearly 
increases  towards  the  equator  at  mid  latitudes,  while  at  high  latitudes  the  trough 
appears.  Here,  the  features  of  initial  building  up  of  ionization  and  the  equator- 
ward  trough  wall  are  well  defined.  The  equatorial  anomaly  is  clearly  visible  at  low 
latitudes. 


The  effects  of  auroral  activity  on  GPS  recordings  and  the  magnetic  activity 
dependence  of  the  geographic  location  of  the  auroral  oval 

The  signs  of  auroral  activity  are  the  evidence  that  the  satellite  beam  traveled 
through  the  auroral  oval.  These  appear  on  raw  GPS  data  plots  as  phase  scintillation 
(see  Fig.  6)  and  on  reduced  GPS  data  plots  as  fine  scale  fluctuations  of  TEC  (see 
left  panel  of  Fig.  7). 

By  plotting  the  reduced  GPS  data  in  forms  of  3  dimensional  graphs,  sections 
of  the  auroral  oval  can  be  mapped  and  interpreted  in  terms  of  Kv  indices.  As  is 
known,  the  3  hour  Kp  index  is  an  indicator  of  magnetic  activity.  A  magnitude  of 
3.0  indicates  a  medium  magnetic  disturbance,  while  a  magnitude  of  1.3  shows  a 
magnetically  quiet  period.  From  the  plots  presented  here  (see  Fig.  7)  it  is  evident, 
that  in  a  more  disturbed  period  the  auroral  oval  is  situated  at  lower  latitudes, 
while  in  a  magnetically  quiet  period  it  is  located  at  higher  latitudes.  It  is  already 
a  well  known  fact  (Akasofu  and  Allan  1964),  that  during  magnetically  disturbed 
periods  the  auroral  oval  expands  and  moves  towards  the  equator.  From  these  GPS 
observations,  which  are  summarized  in  Table  II,  this  statement  can  be  confirmed. 
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Table  II.  Summary  of  measured  parameters  related  to 
the  sections  of  auroral  oval  mapped 


Station 

Geographic  location  (°S) 

Kp 

Hobart 

43.2  -  43.8 

3.0 

Macquarie  Island 

52.8  -  56.2 

1.3 

Stations:  Tidbinbilla,  Hobart  and  Macquarie  Island,  Date:  16/7/95 
UT:  13  -  14  (Hr),  LT:  II  pm  -  midnight,  Kp:  4.0,  Sunspot  No.:  17,  10.7  cm  flux:  75.9 
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Fig.  11.  An  hourly  graph  of  GPS  TECs  depicting  various  formations  (left  panel)  and  a  PIM 
derived  TEC  curve  constructed  for  the  same  time  interval  (right  panel) 


Nighttime  TEC  enhancements 


The  mid  latitude  ionosphere  does  not  always  decrease  throughout  the  night, 
but  shows  anomalous  increases  or  enhancements  under  a  wide  range  of  geophysical 
conditions.  Although  this  fact  has  been  long  realized,  the  phenomenon  of  nighttime 
TEC  enhancements  is  neither  a  familier  feature  of  the  mid  latitude  region  nor  a 
frequent  topic  in  the  literature.  Recently  Balan  et  al.  (1991)  reported  this  phe¬ 
nomenon  observed  in  the  northern  hemisphere  and  explained  its  formation  with  the 
mechanism  of  large  downflows  of  plasma  in  the  topside  ionosphere. 

In  this  study,  1995  Tidbinbilla  and  Hobart  GPS  data  showed  nighttime  TEC 
enhancements.  Daily  plots  constructed  for  the  month  of  April  1995  revealed  anoma¬ 
lously  high  TEC  values  in  the  nighttime  region  culminating  at  14  hour  UT  or  mid¬ 
night  in  local  time  (see  top  left  panel  of  Fig.  8).  The  same  phenomenon  appeared 
on  latitudinal  plots  as  a  well  defined  single  peak  formation  (see  top  right  panel 
of  Fig.  8).  Since  this  feature  had  a  frequent  occurrence  in  the  months  of  April 
and  May  1995,  it  appears  on  the  monthly  average  plots  and  shows  a  well  defined 
forward  movement  in  time  as  the  year  progresses  (see  bottom  panel  of  Fig.  8). 
TOPEX/POSEIDON  data  confirm  these  observations  (see  top  panel  of  Fig.  9)  and 
these  are  also  evident  of  /qF2  data  (see  bottom  panel  of  Fig.  9)  recorded  from 
Canberra.  TOPEX/POSEIDON  plot  also  indicates  conjugate  increase  in  TEC. 
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I  HORVATH  and  E  A  ESSEX 


Station:  Tidbinbilla,  Latitude  Band;  33.0  -  37.0  (  #S) 

Legend:  mean  average  TEC  +/-  a  Kp:  2.0,  Sunspot  No.:  25, 10,7  cm  flux:  87.2 

Month:  April  of  1995  Date:  20/4/95 


Fig.  12.  Digital  plots  depicting  a  montly  average  GPS  TEC  curve  with  standard  errors  featuring 
a  nighttime  TEC  enhancement  (left  panel)  and  a  PIM  derived  daily  TEC  curve  (right  panel) 


Theoretical  TECs 

In  this  study,  the  Parameterized  Ionospheric  Model  (PIM)  provided  theoretical 
TEC  values.  PIM  is  a  complex  global  ionospheric  model  that  comprises  several 
regional  theoretical  models.  It  generates  parameterized  outputs  that  can  be  fully 
controlled  by  specifying  the  input  parameters  of  the  relevant  geophysical  activities 
and  spatial  coordinates.  The  running  of  PIM  requires  the  input  of  a  small  collection 
of  geophysical  parameters  such  as  the  daily  values  of  sunspot  number  and  10.7  cm 
flux,  and  the  appropriate  Kp  index.  The  model  offers  two  options  for  plots,  namely 
a  daily  TEC  profile  constructed  for  a  certain  location  or  an  hourly  latitudinal  plot 
computed  for  an  optional  latitude  range  and  for  a  certain  time  interval.  For  this 
study,  PIM  was  run  to  compare  some  of  the  findings  such  as  the  mid- latitude  trough 
(see  Figs  10  and  11)  and  the  nighttime  TEC  enhancement  (see  Figs  11  and  12). 
As  is  seen  on  the  above  illustrations,  the  model  generated  plots  show  little  or  no 
resemblance  to  the  ionospheric/protonospheric  TEC  features  observed. 

Conclusion  and  future  work 

The  GPS  technique  is  a  valuable  tool  to  study  the  variability  of  the  ionization  of 
the  ionosphere  and  plasmasphere.  The  GPS  data  analysis  was  useful  in  the  investi¬ 
gation  of  small  and  large  scale  ionospheric  formations  and  the  results  obtained  are 
in  a  good  agreement  with  findings  of  other  ionospheric  techniques.  The  ionospheric 
model  called  PIM  is  unsuitable  for  studies  conducted  for  a  low  sunspot  number 
time  period,  where  the  total  content  is  the  sum  of  ionospheric  and  protonospheric 
components.  In  future  work,  ionospheric  and  protonospheric  processes  can  be  sepa¬ 
rated  and  investigated  individually  in  order  to  determine  the  region  of  origin  of  the 
features  studied  and  also  to  explore  the  underlying  physical  processes  responsible 
for  their  formations.  All  the  results  obtained  can  be  used  to  update  currently  used 
ionospheric  models. 
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DETERMINATION  OF  /„ F2  SHORT-TERM  VARIATIONS 
FROM  GPS  TIME  DELAY  OBSERVATIONS 

H  Soicher1  and  Z  Houminer2 

Reliable  HF  communications  require  propagation  assessment.  Such  assessment 
could  be  facilitated  with  the  monitoring  of  ionospheric  characteristics  by  continuously 
available  passive  means,  i.e.,  measurements  of  the  total  electron  content  (TEC)  using 
satellite-emitted  signals  without  a  need  for  burdening  the  electromagnetic  spectrum. 

With  the  Global  Positioning  System  (GPS)  providing  instantaneous  time  delay,  or 
equivalently,  TEC,  values  when  needed,  an  assessment  of  HF  propagation  may  be 
available  on  a  near  realtime  basis. 

To  assess  this  possibility  a  one  year  study  of  the  correlation  between  TEC  and 
/oF2  using  GPS  time  delay  observations  taken  at  Matera,  Italy  and  /oF2  measure¬ 
ments  from  Rome,  Italy,  was  undertaken  during  1995-1996.  This  is  a  period  of 
minimum  solar  activity  with  sunspot  numbers  varying  between  6-18.  The  observed 
correlation  coefficient  varied  between  0.55  in  the  winter  of  1996  to  about  0.75-0.8 
during  the  summer  of  1995. 

In  addition  to  the  seasonal  variability  of  the  correlation  coefficient,  a  diurnal 
variability  is  also  present  with  the  coefficient  normally  maximizing  during  the  day 
and  minimizing  in  the  predawn  periods.  The  predawn  minimum  may  be  due  to  the 
contribution  of  plasmaspheric  electron  content.  The  correlation  coefficient  appears 
to  increase  with  magnetic  activity,  indicating  that  TEC  and  /0F2  behave  similarly 
during  magnetically  active  periods.  Distribution  of  errors  between  measured  /oF2 
values  and  predicted  ones  using  a)  standard  predictions  algorithms  and  b)  TEC 
measurements  converted  to  /oF2  from  a  model  of  slab  thickness,  show  that  the  errors 
are  reduced  when  using  TEC  observations.  The  errors  would  be  further  reduced  if 
the  satellite  subionospheric  point  would  approach  the  location  of  the  /oF2  actual 
measurement. 

Keywords;  /qF2;  TEC;  variability  slab  thickness 


1*  Introduction 

HF  radio  communication  depends  on  the  ability  of  the  ionosphere  to  return  the 
radio  signal  incident  on  it  back  to  Earth.  Predictions  of  ionization  levels  in  the 
various  ionospheric  regions  are  derived  from  models  and  are  used  as  a  basis  for 
planning  and  frequency  management  of  HF  radio  systems  world-wide.  The  models 
permit  the  calculation  of  system  parameters  such  as  operating  frequencies,  signal 
strengths,  signal-to-noise  ratios,  and  multipath  probability  that  can  be  used  to 
describe  the  performance  of  HF  radio  systems.  Uncertainties  or  inaccuracies  in  the 
models  of  the  ionosphere  have  long  been  known  to  be  one  of  the  major  causes  if 
not  the  major  cause,  for  inaccuracies  in  the  calculated  propagation  characteristics. 
This  is  particularly  true  for  those  applications  of  ionospheric  predictions  involving 
timescales  that  are  less  than  monthly  average  or  monthly  median. 

To  reduce  average  monthly  RMS  errors  in  predictions,  adaptive  techniques  that 
use  real-time  observations  to  correct  model  biases  have  been  devised.  A  method  that 
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1-30  June  1995 

R=0.78 


TIME  [hours] 

Fig.  1.  Hourly  values  of  variability  of  /0F2  and  TEC  for  June  1995.  R  is  the  cross-correlation 

coefficient  at  zero  time  lag 

is  potentially  global  in  nature  involves  the  monitoring  of  GPS  signals  which  yield  in¬ 
formation  on  the  ionospheric  parameters  along  the  propagation  path  and  converting 
such  information  into  the  HF  propagation  parameters  of  interest.  The  advantage  of 
monitoring  GPS  signals  is  the  fact  that  it  is  passive  for  the  potential  user,  and  the 
existence  of  a  global  network  of  satellites  affords  the  possibility  of  global  coverage. 
The  problem  at  hand  is  the  conversion  of  integrated  ionospheric  parameters  along 
the  transionospheric  path  experienced  by  the  GPS  signal  to  the  parameters  along 
the  path  experienced  by  the  HF  sky  wave  up  to  the  point  of  reflection  from  the 
ionospheric  layers.  A  parameter  of  great  importance  in  HF  propagation  is  /0F2, 
the  upper  frequency  limit  for  ordinary  mode  HF  vertical  propagation,  whose  square 
is  proportional  to  iVmax,  the  maximum  electron  density  in  the  ionosphere.  The  tran¬ 
sionospheric  parameter  of  importance  is  the  total  electron  content  (TEC) ,  which  is 
the  integrated  electron  density  along  the  propagation  path  of  a  satellite-emitted 
signal  to  the  observer  (TEC  =  f  Nds,  where  N  is  the  electron  density  and  ds  is 
an  element  of  distance  along  the  path  from  observer  to  satellite).  Since  both  TEC 
and  JVmax  vary  diurnally,  seasonally,  geographically,  and  in  response  to  magnetic 
activity,  it  is  expected  that  their  ratio,  the  so-called  slab  thickness,  r,  will  vary  to  a 
lesser  degree  and  hence  can  be  modeled  more  easily.  Global  models  of  slab  thickness 
updated  with  real-time  measurements  of  TEC  might  possibly  yield  improved  values 
of  ATmax  and  hence  /0F2  for  HF  propagation. 

To  test  the  efficacy  of  this  hypothesis,  one  has  to  ascertain  the  correlation  be- 
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1-30  June  1995 


TIME  [hours] 

Fig.  2.  Hourly  values  of  the  variability  of  r  (Slab  Thickness)  for  June  1995 

tween  the  TEC  daily  variability  about  the  monthly  mean  and  the  /0F2  variability. 
Further,  diurnal,  seasonal  and  response  to  magnetic  activity  effects  on  such  corre¬ 
lation  have  to  be  assessed. 

2.  Experimental  data 

The  /oF2  data  were  deduced  from  vertical  ionograms  taken  at  Rome,  Italy 
(41.9°N,  12.5°E)  using  the  Digisonde  256  (Soicher  et  al.  1995).  The  GPS  observa¬ 
tions  were  taken  at  Matera,  Italy,  a  site  of  the  International  GPS  Service  (IGS). 

The  equivalent  TEC  from  the  time  delay  measurements  was  determined  only  for 
satellites  at  elevations  larger  than  30°  and  having  a  subionospheric  point  along  the 
line  of  sight  within  ±5°  of  the  latitude  and  longitude  of  the  digisonde.  The  5-min 
observed  time  delays  were  then  corrected  for  satellite  biases  using  the  Jet  Propulsion 
Laboratory  (JPL)  table  of  corrections  (Wilson  and  Mannucci  1993),  converted  into 
vertical  TEC  (Klobuchar  1987)  and  averaged  to  obtain  hourly  values. 

For  each  month  of  observations,  the  hourly  values  of  the  variability  of  both  the 
TEC  and  /oF2  were  determined.  The  variability  is  calculated  by  subtracting  the 
montly  average  value  from  each  hourly  value  and  dividing  by  the  monthly  average 
value.  An  example  showing  the  hourly  values  of  the  variability  of  /oF2  and  TEC 
for  the  period  1-30  June,  1995  is  shown  in  Fig.  1.  This  period  is  near  the  minimum 
phase  of  solar  cycle  22.  It  can  be  seen  that  there  is  good  correlation  between  the 
variability  of  /0F2  and  TEC. 
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1-30  June  1995 


Fig.  3.  Cross-correlation  function  of  /oF2  and  TEC  values  of  Fig.  1  (June  1995) 

Another  parameter  of  interest  is  the  slab  thickness,  r,  which  is  proportional 
to  the  ratio  TEC/(/0F2)2.  The  slab  thickness  can  be  calculated  for  each  hour  of 
observations  and  its  variability  determined  in  the  same  way  as  for  TEC  or  /0F2. 
The  variability  in  r  for  the  period  June  1995,  is  shown  in  Fig.  2.  It  can  be  seen 
that  the  variability  is  of  the  order  of  the  corresponding  variability  of  TEC  or  /0F2. 

3.  Correlation  results 

The  results  of  cross-correlation  analysis  on  the  /oF2  and  TEC  variabilities  de¬ 
picted  in  Fig.  1  are  shown  for  a  portion  of  the  time  in  Fig.  3.  A  maximum  cross¬ 
correlation  coefficient,  R ,  of  0.78  occurs  at  zero  time  lag,  and  the  coefficient  reduced 
very  quickly  with  time  lag.  It  is  thus  shown  that  the  correlation  between  /o F2  and 
TEC  is  very  good.  A  24-hour  periodicity,  at  least  for  the  first  48  hours,  is  observed. 

It  can  be  seen  from  Fig.  1  that  both  the  variations  of  /0F2  and  TEC  are  rather 
noisy  on  an  hour-to-hour  basis,  which  may  be  caused  by  measurements  and  data 
reduction  errors  rather  than  by  physical  phenomena.  The  main  reason  for  these 
errors  are  (1)  combining  measurements  from  various  GPS  satellites,  each  with  a 
different  orbit  and  bias,  which  introduces  errors  (Klobuchar  et  al.  1994),  (2)  er¬ 
rors  introduced  by  converting  from  oblique  TEC  measurements  to  vertical  values, 
especially  at  times  when  there  are  large  ionospheric  horizontal  gradients,  and  (3) 
real-time  scaling  of  /0F2  data,  which  introduces  errors.  The  results  of  smoothing 
the  variations  in  TEC  and  /□  F2  by  a  3-hour  running  mean  are  shown  in  Fig.  4.  It 
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1-30  June  1995 

3  point  smoothing  R=0.84 


Fig.  4.  Three-hour  smoothing  of  the  /oF2  and  TEC  values  of  Fig.  1 

can  be  seen  that  the  correlation  is  improved  ( R  of  0.84).  This  shows  that  indeed 
the  data  are  noisy  and  that  the  correlation  betwen  TEC  and  /0F2  is  actually  better 
than  what  the  raw  data  indicate. 

Cross-correlation  results  for  the  12  months  period,  June  95  through  May  96,  for 
both  the  mean  raw  and  the  smoothed  (3-hour  running  mean)  are  shown  in  Fig.  5. 
The  overall  trend  is  towards  a  ~  20%  decrease  in  the  cross-correlation  coefficient, 
and  this  may  reflect  the  corresponding  decrease  in  sunspot  numbers  from  18  to  6. 

The  diurnal  variations  of  the  correlation  coefficients  for  two  summer  periods, 
1992  and  1995,  are  shown  in  Fig.  6.  The  1992  period  is  near  solar  maximum 
phase,  while  the  1995  period  is  near  the  minimum  phase.  Each  point  in  the  figure 
represents  correlation  results  for  a  4-hour  block  (for  example,  the  correlation  at 
0800  LT  gives  the  results  for  the  time  block  0600-1000  LT).  It  can  be  seen  that 
the  diurnal  behaviour  is  very  similar  for  the  two  periods.  There  are  minima,  at 
about  0800  LT.  A  broad  maximum  in  correlation  occurs  between  1200-2000  LT, 
with  values  as  high  as  0.85. 

The  similarity  of  the  diurnal  variation,  especially  at  the  predawn  period  minima, 
may  be  due  to  the  minor  role  of  plasmaspheric  electron  content  in  the  correlation 
results.  During  solar  maximum  the  plasmospheric  content  appears  not  to  affect  the 
correlation  (Houminer  and  Soicher  1996). 

The  seasonal  dependence  of  the  diurnal  variation  of  the  correlation  coefficient 
between  the  variability  in  TEC  and  /0F2  is  shown  in  Fig.  7.  It  can  be  seen  that 
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-**-  no  smoothing  -*-with  smoothing 


Fig.  5.  Unsmoothed  and  smoothed  mean  monthly  cross-correlation  coefficient  values  of  the  12- 

month  period,  June  1995  to  May  1996 


Fig.  6.  Diurnai  variation  of  the  cross-correlation  coefficient  for  /oF2  and  TEC  values  for  the 
summer  periods  of  1992  and  1995.  Each  point  represents  correlation  results  for  a  4-hour  period 


the  correlation  coefficient  maximizes  in  summer,  shows  similar  variation  during  the 
equinoxes  and  shows  little  variation  during  winter. 

The  ionosphere  is  known  to  vary  substantially  with  geomagnetic  activity.  To 
ascertain  whether  magnetic  activity  has  any  impact  on  the  cross-correlation  of  /o F2 
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Fig.  7.  Seasonal  dependence  of  the  diurnal  variation  of  the  cross-correlation  coefficients  for  /oF2 
and  TEC  values.  Each  point  represents  correlation  results  for  a  4^hour  period 
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Fig.  8.  Error  distribution  of  /oF2  calculated  from  TEC  (dark  bars)  and  obtained  from  standard 
model  (light  bars)  from  measured  /oF2  values  (see  text) 


and  TEC,  data  were  compared  between  quiet  and  active  periods.  Table  I  shows 
selected  periods  with  32  <  Ap  <  57  and  Ap  <  8.  The  correlation  coefficient  R 
for  the  selected  period  is  compared  with  R *,  the  monthly  correlation  coefficient 
containing  the  selected  period. 

It  is  seen  that  during  the  active  periods  the  correlation  coefficient  is  normally 
greater  than  that  of  the  monthly  one,  whereas  for  quiet  selected  periods  it  is  not 
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Table  I.  Cross-correlation  coefficients  R 
for  selected  time  periods  of  quiet  and 
active  geomagnetic  activity.  R*  are 
the  overal  monthly  coefficients  which  in¬ 
clude  the  selected  time  periods 


Dates  Ap  R  R* 


25-29  Sep  1995 
03-08  Oct  1995 

17- 21  Oct  1995 

18- 23  Mar  1996 
13-22  Apr  1996 

04-15  Jun  1995 
04-15  Jul  1995 
25-29  Oct  1995 
13-26  Nov  1995 


41 

0.80 

0.74 

57 

0.64 

0.59 

34 

0.63 

0.59 

38 

0.65 

0.66 

32 

0.74 

0.63 

<  8 

0.82 

0.78 

<  8 

0.77 

0.75 

<  8 

0.55 

0.59 

<  8 

0.58 

0.64 

necessarily  so.  The  conclusion  drawn  is  that  magnetic  activity  affects  TEC  and  foF2 
in  similar  manner  (Mendillo  et  al.  1972),  thus  maintaining  high  cross-correlation 
between  the  two. 

The  slab  thickness,  r,  is  proportional  to  the  ratio  TEC/(/0F2)2.  It  is  expected 
that  the  variability  of  r  will  be  somewhat  smaller  than  the  variability  of  either 
the  TEC  or  /0F2  because  of  the  good  correlation  between  these  two  ionospheric 
parameters.  Thus  global  models  of  the  slab  thickness,  updated  with  real-time  mea¬ 
surements  of  TEC  obtained  with  the  GPS  network,  might  give  improved  values 
of  /0F2. 

In  order  to  explore  this  possibility,  /oF2  values  for  each  hour  were  calculated 
using  TEC  obtained  from  the  GPS  time  delay  observations  and  slab  thickness  values 
from  the  global  model  of  Fox  et  al.  (1991).  The  error  distribution  for  /oF2  derived 
from  standard  prediction  algorithms,  and  /0F2  derived  from  measured  TEC  and 
the  r  model  are  shown  in  Fig.  8.  It  is  seen  that  the  /0F2  errors  are  smaller  with 
the  use  of  TEC  measurements  and  the  slab  thickness  model. 

4.  Conclusions 

The  high  cross-correlation  coefficient  for  /oF2  and  TEC  in  the  one  year  data 
presented  here  raises  the  possibility  that  real-time  TEC  measurements  may  be  used 
to  update  /oF2  value  determinations.  The  cross-correlation  may  even  be  higher  if 
the  geographic  subionospheric  point  of  TEC  measurement  is  close  to  the  geographic 
point  of  the  /oF2  measurement  which  introduces  an  error,  in  addition  to  the  possible 
inherent  measurement  uncertainties.  The  correlation  exhibits  diurnal  and  seasonal 
variability  reaching  maxima  during  summer  day  and  minima  at  all  seasons  during 
the  predawn  period.  The  data  were  taken  near  the  minimum  phase  of  the  solar  cycle, 
during  which  phase  the  plasmaspheric  electron  content  was  expected  to  be  of  the 
order  of  the  ionospheric  content  at  predawn  periods  and  thus  affect  the  correlation. 
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The  fact  that  the  correlation  during  the  maximum  phase  (Houminer  and  Soicher 
1996)  is  not  markedly  different  from  the  correlation  at  minimum  phase  presented 
here,  indicates  that  the  plasmaspheric  content  does  not  impact  the  correlation  in 
a  significant  way.  The  cross-correlation  is  high  during  magnetically  active  periods 
indicating  that  /oF2  and  TEC  behave  similarly  in  response  to  geomagnetic  activity. 

Global  GPS  Constellation  can  provide  instantaneous  time-delay,  or  TEC,  values 
which  could  provide  an  instantaneous  updating  of  /oF2  models  on  a  global  basis  as 
well  as  on  a  regional  basis.  The  GPS  signals  are  passive  in  nature  to  the  user  and, 
as  such,  do  not  burden  the  electromagnetic  spectrum. 
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DETECTION  OF  IRREGULARITIES  IN  THE  TOTAL 
ELECTRON  CONTENT  USING  GPS  MEASUREMENTS 
—  APPLICATION  TO  A  MID-LATITUDE  STATION 

R  Warnant1 


The  paper  presents  a  very  simple  method  allowing  to  detect  automatically  medium- 
scale  travelling  ionospheric  disturbances  and  scintillation  effects  by  observing  the  high 
frequency  changes  in  the  so-called  geometry-free  combination  of  GPS  phase  measure¬ 
ments.  The  method  has  been  applied  to  the  GPS  measurements  gathered  at  Brussels 
(mid-latitude  European  station)  during  more  than  8  years:  only  a  few  scintillations 
were  detected  during  this  period  but  TIDs  were  very  regularly  observed.  For  this 
reason,  we  have  computed  statistics  concerning  the  occurrence  of  TIDs.  The  results 
obtained  are  in  good  agreement  with  the  conclusions  of  other  independent  studies. 

Keywords:  GPS;  ionosphere;  scintillation;  TEC;  TID;  total  electron  content; 
travelling  ionospheric  disturbances 


1.  Introduction 

Since  a  long  time  ago,  the  Global  Positioning  System  has  proved  its  usefulness 
for  the  study  of  the  ionosphere.  Indeed,  GPS  dual  frequency  measurements  can 
be  combined  in  order  to  compute  the  total  electron  content  (Lanyi  and  Roth  1988, 
Warnant  1996).  For  example,  the  total  electron  content  can  be  obtained  by  forming 
the  so-called  geometry- free  combination  GF: 

K:GF^)  =  K,LM-^ipM^)  (1) 


with 

LI  »  L2  the  LI,  L2  carrier  phase  measurements  made  by  receiver  p  on  satellite 

/z,i5  Il2  the  frequency  of  the  LI,  L2  carriers; 
tk  epoch  at  which  the  measurement  is  made. 

Equation  (1)  can  be  rewritten  in  function  of  the  total  electron  content,  TECpi 

K,GF(h)  =  -5.52  •  10-17TEC^fc)  +  NIgf  (2) 


with 

TEC*  the  slant  TEC  measured  along  the  path  going  from  satellite  i  to  receiver  p; 
Np  QF  a  rea^  ambiguity. 


1RoyaI  Observatory  of  Belgium,  Avenue  Circulaire  3,  B-1180  Brussels,  Belgium,  e-mail: 
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In  particular,  it  can  be  seen  from  Eq.  (2)  that  the  geometry-free  combination 
also  allows  to  monitor  the  evolution  of  the  TEC  in  function  of  time,  ATECp  (4): 


ATEC*(4)  =  9.524  •  1016 


(^ptGF^k)  0) 

(4  4— l) 


where  A  TEC*  (4)  is  defined  as: 


(3) 


ATEC*  (i*)  = 


TEC* (4) -TEC* (4-0 
(4  ~  h-i) 


(4) 


It  is  important  to  stress  that  the  computation  of  ATEC*  (4)  does  not  require 
the  estimation  of  the  real  ambiguity,  iV*>GF,  as  long  as  no  cycle  slip  occurs. 

The  TEC  variations  in  function  of  the  time  can  be  divided  in  2  classes: 

—  the  regular  gradients:  the  usual  gradients  observed  in  the  TEC;  for  example, 
the  TEC  has  a  minimum  value  during  the  night  and  reaches  its  maximum 
around  1400  (local  time).  Consequently,  there  is  a  gradient  depending  on 
local  time; 

—  the  irregular  gradients:  gradients  due  to  irregular  ionospheric  phenomena  such 
as  travelling  ionospheric  disturbances  and  scintillation  effects. 

Travelling  ionospheric  disturbances  (or  TIDs)  appear  as  waves  in  the  electron 
density  (and  consequently  in  the  TEC)  due  to  interactions  between  the  neutral  at¬ 
mosphere  and  the  ionosphere.  They  have  a  wavelength  ranging  from  a  few  tens  of 
kilometers  to  more  than  thousand  kilometers.  Their  occurrence  often  cause  impor¬ 
tant  gradients  in  the  TEC  even  on  short  distances.  Scintillation  effects  are  variations 
in  phase  and  amplitude  of  a  radio  signal  passing  through  small  scale  irregularities 
in  the  ionosphere.  Scintillation  effects  are  very  often  observed  in  the  polar  and 
equatorial  regions  and  are  sometimes  detected  in  the  mid-latitude  regions. 

In  this  paper,  we  present  a  method  allowing  to  detect  medium-scale  travelling 
ionospheric  disturbances  (MSTIDs)  and  scintillation  effects  using  GPS  measure¬ 
ments.  MSTIDs  have  horizontal  wavelengths  of  several  hundreds  of  kilometres,  pe¬ 
riods  ranging  from  about  12  minutes  to  about  1  hour  and  horizontal  phase  speeds 
ranging  from  100  to  300  m/s  (Van  Velthoven  1990). 


2.  The  method 

Travelling  ionospheric  disturbances  and  scintillation  effects  cause  high  frequency 
changes  in  the  TEC.  Consequently,  these  phenomena  can  be  studied  by  detecting 
such  changes  in  ATECp. 

In  order  to  do  that,  we  filter  out  the  low  frequency  changes  in  the  TEC  by  mod¬ 
elling  ATECp  using  a  low  order  polynomial.  The  residuals  Rj  of  this  adjustment 
(i.e.  ATECp  -  polynomial)  contain  the  high  frequency  terms.  In  a  similar  way 
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Table  I.  Definition  of  the  ionospheric  variability 


Vf 

aRj  (TECU/min) 

0 

0.00  <  crRj  <  0.08 

1 

0.08  <  aRj  <  0.10 

2 

0.10  <  aRj  <  0.15 

8 

0.40  <  (TRj  <  0.45 

9 

aRj  >  0.45 

as  Wanninger  (1994),  we  define  the  ionospheric  variability,  Vj,  using  the  standard 
deviation  of  the  residuals  Rj  (Table  I): 

Vj  =  0  when  0.00  <  <jrj  <  0.08TECU/min 

Vj  =  1  when  0.08  <  a rs  <  O.lOTECU/min. 

In  practice,  the  ionospheric  variability  is  computed  for  every  observed  satellite, 
using  periods  of  15  minutes  of  measurements.  When  Vj  is  different  from  zero,  we 
decide  that  an  “event”  is  detected.  Such  an  “event”  is  presented  in  Fig.  1.  This 
figure  displays  the  TEC  gradients,  A  TEC,  observed  at  Brussels  on  May  28,  1993. 
These  gradients  are  caused  by  scintillations  effects.  Figure  2  shows  the  gradients 
observed  in  3  GPS  permanent  stations  operated  by  the  Royal  Observatory  of  Bel¬ 
gium.  These  effects  are  due  to  a  (medium-scale)  travelling  ionospheric  Disturbance. 
In  fact,  most  of  the  “events”  detected  in  Belgium  are  due  to  TIDs. 

With  a  sampling  interval  of  30  seconds,  24  hours  of  GPS  measurements  in  the 
RINEX  format  are  stored  in  a  file  of  which  the  size  is  ranging  from  1.5  Mb  to  more 
than  2  Mb.  To  perform  any  long  term  study  based  on  GPS  measurements,  it  is 
thus  indispensable  to  develop  automatic  data  processing  procedures.  In  particular, 
it  is  not  realistic  to  imagine  that  an  operator  could  screen  the  residuals  to  decide 


17:00  18:00  19:00  20:00  21:00  22:00  23:00  0:00 


Fig.  1.  Scintillations  observed  at  Brussels  on  May  28  1993 
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“manually”  if  a  TID  is  present  or  not.  For  this  reason,  we  must  choose  threshold 
values  which  will  be  used  by  the  computer  to  take  an  automatic  decision.  The  choice 
of  0.08  TECU/min  as  threshold  value  to  decide  if  an  event  is  taken  into  account 
comes  from  the  fact  that  the  multipath  also  gives  rise  to  high  frequency  changes 
in  the  geometry-free  combination.  This  site-dependent  effect  can  reach  several  cen¬ 
timetres  on  phase  measurements  and  has  periods  ranging  from  a  few  minutes  to 
several  hours  depending  on  the  distance  separating  the  reflecting  surface  from  the 
observing  antenna  (if  this  distance  is  shorter,  the  period  is  longer).  The  multipath 
effect  being  more  frequent  at  low  elevation,  we  have  chosen  an  elevation  mask  of 
20°.  In  the  case  of  the  Belgian  permanent  GPS  network,  a  threshold  value  of  0.08 
TECU/min  is  large  enough  to  avoid  to  interpret  multipath  effects  as  ionospheric 
phenomena.  This  value  should  be  valid  for  most  of  the  GPS  sites  but  should  be 
applied  with  care  in  locations  where  the  multipath  is  particularly  important.  An  ad¬ 
ditional  verification  is  then  performed:  the  comparison  of  the  ionospheric  variability 
observed  in  neighbouring  GPS  stations  allows  also  to  distinguish  between  multipath 
and  ionospheric  phenomena:  indeed,  large  residuals  observed  at  the  same  time  in 
different  stations  cannot  be  due  to  multipath. 

Two  other  error  sources  can  affect  our  method:  cycles  slips  and  phase  surges. 
Cycle  slips  are  jumps  of  an  integer  number  of  cycles  which  occur  when  the  receiver 
loses  lock  on  the  satellite  signal.  In  an  automated  data  processing  procedure,  an 
uncorrected  cycle  slip  could  result  in  a  crj^  above  the  threshold  value  even  if  no 
ionospheric  perturbation  is  present. 

Phase  surges  give  rise  to  several  successive  jumps  in  the  GPS  phase  measure¬ 
ments.  These  jumps  are  not  integer  numbers  of  cycles.  For  this  reason,  this  error  is 
much  more  difficult  to  detect.  In  addition,  this  effect  is  related  to  the  receiver-to- 
satellite  geometry:  it  means  that  a  similar  effect  can  be  observed  in  several  neigh¬ 
bouring  GPS  stations  at  the  same  time  (Sleewaegen  1997).  Nevertheless,  these 
jumps  can  be  identified  because  their  period  is  always  shorter  (a  few  minutes)  than 
the  periods  of  ionospheric  disturbances. 

The  choice  of  15  minute  periods  to  compute  the  ionospheric  variability  is  due  to 
the  fact  that  most  of  the  MSTIDs  have  periods  ranging  from  5  to  30  minutes.  If  we 
choose  a  too  short  period,  the  TID  will  not  have  the  time  to  cause  TEC  changes 
large  enough  to  be  detected.  On  the  other  hand,  if  the  period  is  too  long,  the  large 
residuals  in  ATEC*  due  to  the  TID  will  be  lost  among  the  other  residuals  and  the 
resulting  ctrj  will  remain  under  the  threshold  of  0.08  TECU/min. 


3.  Results 

The  procedure  outlined  here  above  has  been  applied  to  a  data  set  covering  a 
period  of  more  than  8  years:  since  May  89,  GPS  measurements  have  been  regu¬ 
larly  performed  at  Brussels.  Since  April  1993,  the  measurements  are  continuous. 
Three  additional  permanent  stations  are  in  operation  since  January  94  (Dentergem, 
Dourbes  and  Waremme);  3  new  stations  (Bree,  Meeuwen  and  Membach)  have  been 
installed  in  1997  (Fig.  3). 

This  experiment  has  allowed  us  to  compute  statistics  concerning  the  occurrence 
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Permanent  GPS  Network  of  the  Royal  Observatory  of  Belgium  I 


Fig.  3.  The  permanent  GPS  network  of  the  Royal  Observatory  of  Belgium 

of  TIDs  above  Belgium  (i.e  in  a  mid-latitude  European  station)  and  to  answer  the 
following  questions:  are  TIDs  unusual  phenomena,  do  they  appear  during  specific 
periods  in  the  day,  in  the  year,  in  the  solar  cycle,  ...  ?  Figure  4  shows  the  statistics 
of  the  observed  TIDs  for  two  month:  January  1994  and  January  1997.  This  figure 
displays  the  number  of  TIDs  encountered  during  these  month  in  function  of  the 
time  in  the  day.  It  means  that  a  sum  of  all  events  occurring  at  a  specific  time  (for 
example  between  1000  and  1100)  during  a  whole  month  is  made. 

Figure  5  shows  the  number  of  events  (TIDs)  detected  from  April  93  to  May  97 
as  a  function  of  the  local  time.  The  different  levels  of  grey  represent  the  number 
of  events  detected.  By  looking  at  this  figure,  several  conclusions  can  be  drawn 
concerning  the  number  of  detected  TIDs: 

—  there  is  a  main  maximum  between  1000  and  1600  (local  time)  during  the  winter; 

—  there  is  a  secondary  maximum  during  the  night; 

—  it  decreases  with  decreasing  solar  activity. 
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Fig.  4.  Number  of  events  detected  as  a  function  of  local  time  in  January  94  and  January  97 


July  93  Januaryirt  Ju*yS4  January  95  Jttfy&S  January  96  July  96  January  97 


Month 

Fig.  5.  Number  of  TIDs  detected  from  April  93  to  May  97  as  a  function  of  local  time 

The  case  of  scintillation  effects  is  different:  only  a  few  “events”  are  observed  in 
one  year.  These  results  confirm  the  conclusions  of  previous  studies  performed  by 
means  of  other  independent  techniques  (see  for  example,  Van  Velthoven  1990). 
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4.  Conclusion 

The  paper  has  presented  a  very  simple  method  allowing  to  detect  medium-scale 
travelling  ionospheric  disturbances  and  scintillation  effects  using  the  geometry-free 
combination  of  GPS  carrier  phase  measurements.  This  method  has  been  applied 
to  the  GPS  measurements  gathered  in  the  Belgian  GPS  network  since  1989.  This 
experiment  has  allowed  to  compute  statistics  concerning  the  occurrence  of  TIDs  and 
scintillations  above  Belgium.  The  results  which  are  in  good  agreement  with  previous 
independent  studies  show  that  TIDs  are  very  common  phenomena  at  Brussels  but 
only  a  few  scintillation  effects  have  been  detected. 
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COMMENTS  ON  PROTONOSPHERIC  CONTENT 
—  ATS-6  REVISITED 

J  K  Hargreaves1 


The  application  of  GPS  observations  to  the  determination  of  electron  content  has 
renewed  interest  in  the  question  of  how  the  electron  content  is  distributed  between 
the  closer  and  more  distant  sections  of  the  propagation  path. 

The  ATS-6  radio  beacon  experiment  of  the  mid-1970s  enabled  the  electron  con¬ 
tent  to  be  determined  from  both  the  modulation  phase  technique  (which  included 
the  whole  path  out  to  6.6  Re)  and  the  Faraday  effect  (which  gave  an  electron  con¬ 
tent  biased  towards  the  lower  altitudes).  The  observations  were  also  simulated  using 
a  mathematical  model.  Thus  it  was  possible  to  consider  the  significance  of  the 
“protonospheric  content”  as  the  difference  between  the  phase  and  the  Faraday  con¬ 
tents  was  usually  known. 

The  paper  presents  results  from  those  studies  in  the  context  of  GPS  work.  It  is 
shown  that  at  certain  times  a  significant  fraction  of  the  total  content  resides  at  high 
altitudes,  and  that  if  this  is  not  taken  into  account  significant  errors  can  arise  in  the 
determination  of  the  electron  content. 

Keywords:  ATS-6;  Faraday  effect;  GPS;  protonosphere 


1.  Introduction 

Since  the  GPS  satellites  are  viewed  over  a  range  of  zenith  angles,  it  is  usual  to 
convert  the  electron  content  observed  along  a  slant  path  to  an  equivalent  vertical 
content  so  that  the  observations  at  different  angles  may  be  compared  and  converted 
to  maps.  The  variation  of  electron  content  with  the  zenith  angle  is  also  used  to 
determine  the  baseline  of  the  measurement,  which  is  uncertain  due  to  the  “bias” 
in  each  satellite  transmitter.  Since  the  zenith  angle  of  the  received  ray  depends 
on  altitude  (Fig.  1),  the  conversion  to  vertical  requires  that  an  effective  height  is 
assumed.  The  value  of  this  effective  height  obviously  depends  on  the  distribution 
of  ionization  along  the  ray  path. 

2.  The  ATS-6  experiment 

The  only  sustained  experiment  able  to  effect  a  separation  between  the  iono¬ 
spheric  and  protonospheric  parts  of  the  path  was  the  radio  beacon  experiment  on 
the  geosynchronous  satellite  ATS-6  (Davies  et  al.  1972).  Here,  the  term  “iono¬ 
sphere”  is  used  for  that  part  due  to  heavy  ions,  and  the  “protonosphere”  is  that 
due  to  protons.  ATS-6  was  launched  in  1974,  and  was  observed  from  several  points 
on  the  Earth’s  surface  over  a  period  of  several  years,  the  satellite  being  located  at 
three  different  longitudes  at  different  times. 
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Fig.  1.  Dependence  with  height  of  the  zenith  angle  of  an  oblique  ray.  The  correction  factor  from 
oblique  to  vertical  electron  content  is  cos  ft 

The  ATS-6  beacon  experiment  measured  the  electron  content  by  its  effect  on 
modulation  phase  —  giving  the  total  content  over  the  whole  path  —  and  also  by 
the  Faraday  effect  —  the  rotation  of  the  plane  of  polarization  —  which  gives  an 
electron  content  weighted  by  the  geomagnetic  field  strength  and  therefore  biased 
towards  the  lower  (i.e.  ionospheric)  altitudes. 

At  Lancaster,  England,  observations  were  made  for  rather  less  than  a  year  in 
1975-1976,  though  both  solstices  and  both  equinoxes  were  included.  It  was  a  time 
of  low  sunspot  numbers.  Including  data  from  an  ionosonde  (at  Dourbes),  three 
independent  measurements  were  obtained,  and  these  were  combined  to  give  three 
measured  quantities: 

—  electron  content  (from  the  phase  effect); 

—  slab  thickness  (electron  content  /iVmax,  Nmax  being  the  maximum  electron 
density  of  the  layer  from  the  ionosonde); 

—  and  an  “F-factor”  derived  from  the  ratio  between  the  Faraday  and  phase 
effects. 

Slab  thickness  was  already  a  well  established  parameter,  having  been  used  for 
many  years  to  quantify  the  thickness  of  the  ionospheric  layer:  but  F-factor  was 
a  new  parameter,  not  previously  available,  which  depended  on  the  distribution  of 
ionization  between  higher  and  lower  levels  and  so  represented  the  average  height 
of  the  ionization.  This  was,  of  course,  the  reason  for  including  the  Faraday  mea¬ 
surement  on  the  beacon  in  the  first  place. 
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3.  Data 

Three  parameters  are  still  not  very  many,  and  a  useful  step  in  interpreting  the 
data  is  to  divide  the  electron  content  into  two  parts: 

NT  =  NF  +  NP,  (1) 

where  Np  is  the  total  electron  content  measured  from  the  modulation  phase,  and 
Nf  is  the  electron  content  derived  from  the  Faraday  effect,  proportional  to 

J  NfLdl  =1l  j  Ndl ,  (2) 

where  fp  is  the  longitudinal  component  of  the  gyrofrequency  and  f  L  is  a  selected 
“mean”  value,  f  L  was  taken  as  the  value  of  fp  at  height  380  km,  and  was  0.83  MHz 
for  the  Lancaster-to-ATS-6  raypath.  This  interpretation  attributes  all  the  Faraday 
effect  to  the  lower  region,  and  the  remainder  ( Nt  —  NF  =  Np)  is  assumed  to  make 
no  contribution  to  the  polarization  rotation.  This  part  is  commonly  called  the 
“protonospheric  content”,  though  that  is  not  strictly  the  case  and  for  this  reason 
“residual  content”  may  be  a  better  term.  Obviously,  the  value  of  f  L  selected  affects 
the  value  of  NP  obtained. 

F  is  measured  from  the  ratio  between  the  polarization  and  phase  effects.  It  is 
that  value  of  longitudinal  gyrofrequency  which  gives  the  observed  Faraday  effect 
from  the  observed  electron  content  (Davies  et  al.  1975).  Hence, 


fLNF 

=  FNt, 

(3) 

NP 

=  Nt(1-F/Jl), 

(4) 

Np/Np 

=  1  -%• 

(5) 

In  these  equations  Np  and  F  are  determined  from  the  data,  fL  is  assumed,  and 
thus  NP  and  Np/Np  may  be  obtained. 

4.  Modelling 

To  help  to  intepret  the  measurements  in  physical  terms  a  programme  of  mathe¬ 
matical  modelling  was  undertaken  which  included  electron  production,  recombina¬ 
tion,  transport,  the  effect  of  thermospheric  wind,  and  (in  some  cases)  the  conjugate 
hemisphere  (Poulter  et  al.  1981,  Sethia  et  al.  1985).  One  major  question  was  the 
significance  of  the  residual  (or  protonospheric)  content.  The  model  was  set  up  for 
equinox  conditions  and  the  values  of  Np,  slab  thickness,  and  F  predicted  from  it 
were  compared  with  the  corresponding  values  observed  in  March  1976.  The  model 
was  then  used  to  see  how  much  of  the  electron  content  resided  above  certain  heights, 
and  this  was  compared  with  the  value  of  Np ,  also  from  the  model.  It  was  found 
that  for  the  raypath  from  Lancaster  to  ATS-6  Np  corresponded  with  the  electron 
content  above  2600  km,  the  same  value  applying  throughout  the  24  hours. 

(The  total  slant  content  of  H+  was  also  calculated,  which  showed  that  Np  is 
about  0.6  to  0.7  of  the  slant  H+  content  (depending  on  the  time  of  day).  Therefore 
0.4  to  0.3  of  the  actual  protonospheric  content  lies  below  2600  Km,  and  this  appears 
in  the  so-called  ionospheric  content  Np  as  measured  in  the  experiment. 
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5.  Measurements 

Whether  or  not  this  matters  in  practice  depends,  of  course,  on  the  magnitude 
of  the  ratio  NP/Nr -  Should  that  ratio  be  very  small  then  the  protonospheric 
contribution  would  be  of  little  consequence  anyway.  Figure  2  shows  the  values  of 
jVT,  Np/Nr  and  NP  for  summer,  winter  and  the  equinoxes  measured  at  Lancaster 
in  1975-1976.  We  note  that  Np/Nr  varies  in  antiphase  with  NT  during  the  day, 
leading  to  relatively  small  changes  of  NP  during  the  day.  Nr  varies  considerably 
with  the  season,  but  the  seasonal  variation  of  NP  is  smaller. 

To  emphasise  the  possible  effect  of  the  protonospheric  content  we  consider  the 
winter  night,  when  NP/Nr  is  at  its  largest.  Then  half  the  total  content  is  in  the 
protonosphere  (i.e.  above  2600  km).  At  other  times  of  day  and  in  other  seasons 
the  protonosphere  holds  a  smaller  fraction  of  the  total,  but  it  is  still  a  significant 
fraction. 


6.  Equivalent  vertical  content 

These  were  slant  measurements,  the  elevation  at  the  ground  being  21°  (zenith 
angle  69°).  With  reference  to  Fig.  1,  the  angle  between  the  ray  path  and  the 
vertical  at  height  h  is  related  to  the  zenith  angle  at  the  ground  by 

cos/?  =  [1  -  (R/{R  +  /i))2  sin2  x]1/2  •  (6) 

R  being  the  radius  of  the  earth,  cos/3  is  the  factor  required  to  convert  slant  to 
vertical  content  at  height  h.  Sample  values  are  given  in  Table  I  for  various  h  and 
X-  In  brackets  is  given  the  ratio  between  the  correction  at  h  to  the  correction  at 
400  km,  a  typical  “ionospheric”  height.  For  example,  if  x  =  45°  then  content  at  1 
Re  would  be  overcorrected  by  25%  if  the  factor  for  400  km  were  used. 

Taking  x  =  69 °  and  the  values  of  NF  and  NP  for  winter  night  (each  5-1016  m"2), 
the  first  (assuming  400  km)  is  equivalent  to  2.4 -1016  vertical  and  the  second  (assum¬ 
ing  2600  km)  to  3.75-1016.  For  the  vertical  content,  therefore,  we  get  NP/NT  =  0.61. 
The  protonospheric  content  is  a  larger  fraction  of  the  vertical  total  content  than  of 
the  slant  content. 


7.  Effect  of  a  protonosphere  on  the  determination  of  electron  content 
using  the  obliquity  of  the  ray  in  GPS  measurements 

Consider  the  electron  content  to  be  in  two  parts  of  the  total  vertical  content 
/,  a  fraction  P  is  in  the  protonosphere  at  height  hP  and  fraction  (1  —  P)  is  in 
the  ionosphere  at  height  ft,  see  Fig.  3.  The  zenith  angle  at  the  ground  is  x •  The 
ionospheric  content  gives  a  slant  contribution  (1— P)I/  cos  ft,  and  the  protonosphere 
contributes  PI/  cos  ft>,  where  ft  and  ft>  are  the  zenith  angles  for  the  ionosphere 
(height  ft)  and  protonosphere  (height  hP).  The  total  slant  content  is  therefore 
(1  -  P)J/ cos  ft +  PJ/ cos  ft,. 
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Table  I.  Values  of  the  correction  factor  cos  0  as  a  function  of  layer  height  h  and 

ground  zenith  angle  x 


cos/3 

(cos  01  cos  04OO) 


h  (km) 

0 

400 

2000 

2600 

1  Re 

2  Re 

(n+h)2 

1.0 

0.885 

0.579 

0.504 

0.250 

0.111 

x° 

sin2  x 

15 

0.0670 

0.933 

0.970 

0.980 

0.983 

0.992 

0.996 

(1.0) 

(1.01) 

(1.01) 

(1.02) 

(1.03) 

30 

0.250 

0.866 

0.882 

0.925 

0.935 

0.968 

0.986 

(1.0) 

(1.05) 

(1.06) 

(1.10) 

(1.12) 

45 

0.500 

0.707 

0.747 

0.843 

0.865 

0.935 

0.972 

(1.0) 

(1.13) 

(1.16) 

(1.25) 

(1.30) 

60 

0.750 

0.500 

0.580 

0.752 

0.789 

0.901 

0.957 

(1.0) 

(1.30) 

(1.36) 

(1.55) 

(1.65) 

69 

0.872 

0.358 

0.478 

0.704 

0.749 

0.884 

0.950 

(1.0) 

(1.47) 

(1.57) 

(1.85) 

(1.99) 

\ 


Fig.  3.  A  model  of  the  electron  content  divided  into  discrete  ionospheric  and  protonospheric  parts 


and  at  angle  x  it  is 

Rx  =  (1  -  P)I/  cos  fa  +  PI/  cos  pp  +  B 

=  Isecfii  +  IP(secj3p  -  sec/%)  -f  B . 

If  it  is  assumed  that  all  the  ionization  is  in  the  ionosphere  (P  =  0), 

Rx  ~  I  sec  fa  +  B.  (9) 

It  is  now  possible  to  find  both  I  and  B.  Prom  (7)  and  (9), 

I=(Rx-Ro)/(secpi-l),  (10) 

and 

B  =  ( Rq  sec  Pi  -  Rx)/ (sec  pi  -  1) .  (11) 
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But  if  the  protonospheric  content  is  significant,  we  get 

j  __  _ —  Rq) _ 

sec  pi  +  P(secpP  -  sec/?*)  -  1 
B  __  Pp[sec&  +  P(secpP  -  sec Pi)]  -  Rx 
sec  pi  +  P(sec/3p  —  sec  Pi)  -  1 


(12) 

(13) 


If  we  neglect  P,  and  derive  the  electron  content  from  Eq.  (10)  when  P  is  not 
actually  negligible,  the  ratio  between  the  estimated  (IB)  and  correct  (Ic)  electron 
content  is  (from  Eqs  10  and  12), 


IE  _  sec  Pi  +  P(secpP  -  sec  pj)  -  1  P(sec  pP  -  sec  pj) 

Io  sec  f3i  —  1  “  sec  —  1  '  ^  ' 

Since  the  second  term  is  negative,  the  estimate  is  always  to  small.  Note  that  the 
relative  error  is  proportional  to  P. 

Putting  in  sample  values, 


X  =  45°,  hi  =  400  km,  hP  =  2600  km , 
(sec  pP  -  sec  Pi)  =  -0.1825, 
and  (sec  pi  -  1)  =  0.3386. 
Therefore  the  relative  error  is  -0.539P. 

Taking  values  of  P  from  the  ATS-6  results: 


P 

%  error 

Worst  case  (winter  and  equinox  night) 

0.5 

27 

Best  case  (summer  day) 

0.15 

10 

Intermediate  (winter  day) 

0.25 

13 

The  error  is  reduced,  but  only  slightly,  by  taking  a  smaller  value  of  x*  The  error 
in  the  electron  content  goes  into  the  bias  term  (P). 

8.  Conclusions 

At  certain  times  a  large  fraction  of  the  total  electron  content  resides  in  the 
protonosphere  at  heights  above  2600  km  and  well  above  the  level  of  the  heavy-ion 
ionosphere.  This  creates  a  difficulty  in  GPS-based  measurements  which  depend  on 
comparing  observations  made  at  different  zenith  angles  to  determine  the  baseline  of 
the  measurements  (due  to  instrumental  bias)  and  thereby  obtain  absolute  results.  If 
the  protonospheric  content  is  neglected,  errors  in  the  range  10  to  30%  are  possible. 
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PROTONOSPHERIC  ELECTRON  CONTENTS 
FROM  GPS/NNSS  OBSERVATIONS 

N  Lunt1,  L  Kersley1,  G  Bishop2,  A  Mazzella2 


Transmissions  from  GPS  and  NNSS  satellites  have  been  used  to  determine  the 
vertical  total  electron  content  (TEC)  for  observations  made  in  the  UK  during  June, 
November  and  December  1996,  Differences  between  the  TEC  values  obtained  using 
GPS  and  NNSS  arise  from  the  influence  of  protonospheric  electrons  on  the  GPS 
signals.  The  GPS  vertical  TEC  values  were  found  to  be  greater  than  those  calculated 
from  NNSS,  the  difference  representing  the  contribution  from  electrons  in  the  high 
plasmasphere.  The  differences  between  the  vertical  electron  content  measurements 
vary  on  a  diurnal  basis,  though  no  clear  pattern  has  emerged  from  the  limited  sample 
of  observations.  The  differences  are  larger  for  ray  paths  to  the  south  than  those  to 
the  north  of  the  station  with  the  magnitudes  in  the  winter  months  being  greater  than 
those  for  summer. 

Keywords;  GPS;  NNSS;  protonosphere;  TEC 

1.  Introduction 

At  some  height  in  the  ionised  atmosphere,  usually  below  about  1000  km  altitude, 
there  is  a  transition  from  an  oxygen- dominated  to  a  hydrogen-dominated  plasma. 
The  protonosphere  extends  from  this  transition  height  out  to  the  plasmapause. 
It  is  often  useful  to  treat  the  mid-latitude  plasmasphere  as  consisting  of  winter 
and  summer  ionospheres  linked  by  a  common  protonosphere  that  lies  along  the 
magnetic  field  lines  joining  the  conjugate  hemispheres.  The  ionospheres  act  as 
sources  of  plasma  and  the  protonosphere  as  a  reservoir.  There  is  a  field- aligned 
exchange  of  plasma  between  ionosphere  and  protonosphere  on  a  diurnal  basis,  while 
in  addition,  the  winter  ionosphere  benefits  from  plasma  produced  in  the  conjugate 
summer  ionosphere  (Hargreaves  1995). 

Apart  from  the  ATS-6  experiment  in  the  1970’s,  few  line-of-sight  electron  con¬ 
tent  measurements  of  the  protonosphere  have  been  performed.  During  the  European 
phase  of  the  ATS-6  project,  the  group  at  Aberystwyth  made  line  integral  measure¬ 
ments  of  protonospheric  contents  by  differencing  group  delay  and  Faraday  rotation 
observations  of  signals  from  the  ATS-6  satellite  for  about  9  months  in  1975/1976. 
The  measurements  were  made  at  a  time  near  solar  minimum  and  it  was  found  that 
the  slant  protonospheric  electron  contents  measured  from  Aberystwyth  were  usually 
in  the  range  of  3*  1016  m-2  to  5  •  1016  m-2  (Kersley  and  Klobuchar  1978).  There  was 
some  evidence  for  a  diurnal  variation,  but  the  most  marked  changes  were  found  in 
the  response  to  geomagnetic  storms,  where  a  rapid  depletion  of  the  protonospheric 
flux  tubes  around  1800  local  time  on  the  first  day  of  the  storm  was  followed  by  a 
slow  recovery  extending  over  some  two  weeks  (Kersley  and  Klobuchar  1980). 

1  Department  of  Physics,  University  of  Wales,  Aberystwyth,  SY23  3BZ,  UK,  Fax:  +44  1970 
622826,  e-mail:  nil95@aber.ac.uk 
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2.  Experiment 

The  satellites  used  in  the  present  study  are  from  the  Navy  Navigation  Satellite 
System  (NNSS)  and  the  Global  Positioning  System  (GPS).  The  NNSS  satellites 
are  in  circular  polar  orbits  at  an  altitude  of  approximately  1100  km,  with  trans¬ 
missions  on  150  MHz  and  400  MHz.  The  low  Earth  orbit  of  the  NNSS  satellites 
implies  that  the  signals  only  pass  through  the  ionosphere.  The  GPS  satellites  are 
in  circular  orbits  of  20200  km  altitude  that  are  inclined  at  55°  to  the  equator.  The 
GPS  signals  are  transmitted  on  1575.4  MHz  and  1227.6  MHz.  The  GPS  satellite 
orbits  are  essentially  at  about  the  plasmapause  height.  The  lower  boundary  of  the 
protonosphere  was  taken  in  this  study  to  be  at  the  NNSS  orbit  height  of  1100  km. 

A  preliminary  campaign  was  conducted  during  1996  to  investigate  the  possibility 
of  making  measurements  of  protonospheric  electron  content.  Observations  were 
made  at  the  GPS  site  in  Aberystwyth  (52.4°N,  4.1°W)  and  at  the  NNSS  sites 
in  both  Aberystwyth  and  Hawick  (55.4°N,  2.8°W).  Measurements  from  a  total  of 
sixty-nine  days  were  obtained  during  the  months  of  June,  November  and  December 
where  there  were  simultaneous  observations  of  both  GPS  and  NNSS  transmissions. 


3.  Method 

From  the  GPS  transmissions  it  is  possible,  in  principle,  to  make  absolute  slant 
TEC  measurements  by  observing  the  difference  in  group  delay  of  the  two  signals. 
However  in  practice,  these  measurements  have  contamination  due  to  multipath  re¬ 
ception  of  the  signals.  In  addition,  the  observations  are  biased  as  a  consequence  of 
the  unknown  time  delays  introduced  by  the  transmitter  on  each  satellite  and  by  the 
receiving  system.  Thus,  to  obtain  absolute  values  of  TEC  along  the  ray  path,  it  is 
necessary  to  calibrate  the  group  delay  measurements.  A  second  way  of  estimating 
the  electron  content  from  GPS  signals  is  to  determine  the  phase  difference  of  the 
carriers  received  at  the  two  frequencies.  These  measurements  are  not  subject  to 
multipath  effects  to  the  extent  of  the  group  delay  determinations,  so  that  undis¬ 
turbed,  though  relative,  slant  TEC  is  obtained.  This  relative  record  can  be  fitted  to 
the  absolute  group  delay  measurement,  so  that  smooth,  but  biased,  absolute  TEC 
can  be  obtained.  Further  processing  is  thus  needed  to  obtain  the  absolute  values. 

The  GPS  data  have  been  calibrated  using  the  Self  Calibration  Of  pseudoRange 
Errors  (SCORE)  procedure.  Even  though  each  GPS  satellite  is  only  above  the  hori¬ 
zon  for  a  few  hours,  there  are  always  at  least  four  satellites  visible  at  any  time  from 
anywhere  on  Earth.  SCORE  uses  self-consistency  constraints  on  the  measurements 
made  by  the  GPS  receiver  to  build  up  the  diurnal  behaviour  of  the  electron  con¬ 
tent  from  the  individual  satellite  passes.  This  is  done  by  converting  the  electron 
content  measurements  from  slant  to  equivalent  vertical  TEC  and  converting  from 
the  GPS  time  when  the  measurements  were  made  to  the  Ionospheric  Penetration 
Point  (IPP)  local  time  for  each  satellite.  An  ionospheric  height  of  350  km  is  used 
for  calculation  of  the  vertical  TEC  and  the  IPP  local  time.  For  calibration  SCORE 
requires  maximum  agreement  in  ionospheric  measurements  at  IPP  local  time  lati¬ 
tude  conjunctions  within  a  defined  correlation  region.  A  more  detailed  description 
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of  the  SCORE  process  is  given  by  Bishop  et  ah  (1996).  SCORE  uses  GPS  data 
from  above  35  degrees  elevation.  This  limitation  removes  the  worst  of  the  multi- 
path  contamination,  which  occurs  at  low  elevations,  and  also  confines  the  spatial 
extent  of  the  ionosphere  considered.  Twenty-four  hours  of  GPS  observations  are 
used  in  the  SCORE  procedure,  so  each  day  is  treated  in  isolation.  Since  no  test 
signals  are  used,  and  as  each  day  is  processed  individually,  there  are  no  concerns  in 
the  SCORE  procedure  about  the  calibrations  drifting  with  time  once  a  receiver  has 
been  deployed  in  the  field.  In  addition,  no  ionospheric  models  are  used  by  SCORE, 
so  that  the  method  can  respond  freely  to  the  actual  conditions  in  the  ionosphere. 
With  the  orbits  of  the  GPS  satellites  inclined  at  55  degrees  to  the  equator,  the 
ray  paths  from  the  space  vehicles  intercept  an  ionospheric  region  covering  several 
degrees  of  latitude  in  extent,  with  the  exact  coverage  depending  upon  the  latitude 
of  the  receiving  station.  As  a  consequence,  SCORE  can  produce  plots  for  several, 
one  degree  wide  latitudinal  bands  in  the  ionosphere.  It  is  thus  possible  to  study 
latitudinal  behaviour  over  a  limited  range  from  a  single  station. 

Absolute  values  of  the  vertical  total  electron  content  in  the  ionosphere  can  be 
obtained  from  observations  of  NNSS  transmissions  at  two  stations  aligned  in  longi¬ 
tude  but  separated  by  a  few  degrees  of  latitude.  The  calibration  technique  for  such 
observations  has  been  described  by  Leitinger  et  al.  (1975).  In  the  present  work  an 
ionospheric  height  of  350  km  has  been  used  for  calculation  of  the  vertical  TEC.  The 
NNSS  data  are  the  vertical  ionospheric  TEC  values,  estimated  at  latitudes  corre¬ 
sponding  to  the  centre  of  the  one  degree  wide  bands.  The  time  tags  of  the  NNSS 
data  were  converted  to  IPP  local  time. 


4.  Results 

Figure  1  shows  the  GPS  and  NNSS  vertical  TEC  data  from  day  156  (early 
June)  1996  for  the  ionosphere  over  Aberystwyth.  The  form  of  the  GPS  record  is 
that  expected  for  vertical  TEC  above  Aberystwyth  for  June.  A  “bite  out”  around 
midday  can  be  seen,  which  arises  from  the  effect  of  the  neutral  wind  on  the  ionisation 
and  the  highest  electron  content  is  in  the  evening.  The  NNSS  derived  TEC  values 
are  consistently  below  the  levels  determined  from  the  GPS  data.  By  way  of  a 
comparison,  Fig.  2  shows  the  GPS  and  NNSS  vertical  TEC  data  from  day  358 
(December)  1996.  In  December,  the  main  peak  is  around  midday  and  has  a  lower 
magnitude  than  the  daytime  maximum  in  June.  The  small  enhancement  in  the 
GPS  vertical  TEC  after  midnight  arises  as  a  consequence  of  plasma  flow  from  the 
protonosphere.  The  discrete  values  of  NNSS  vertical  TEC  measurements  at  the 
times  of  the  satellite  passes  are  lower  in  the  main  by  several  TEC  units  than  the 
GPS  record. 

For  similar  observing  geometries  it  would  be  expected  that  the  GPS  vertical 
TEC,  Tgps  should  be  related  to  the  NNSS  vertical  TEC,  Tnnss  in  a  simple  manner, 
like  Eq.  (1). 

Tgps  =  ?nnss  +  P  •  (1) 

P  is  a  positive  quantity  that  indicates  the  level  of  protonospheric  contamination  of 
the  GPS  vertical  TEC  measurement.  Thus  an  estimate  the  protonospheric  content 
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GPS  and  NNSS  vertical  TEC,  day  156,  latitude  52.4. 
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Fig.  1.  GPS  and  NNSS  vertical  TEC  for  a  day  in  early  June  1996 
GPS  and  NNSS  vertical  TEC,  day  358,  latitude  52.4. 


Ionospheric  Penetration  Point  Local  Time  (hours) 

Fig.  2.  GPS  and  NNSS  vertical  TEC  for  a  day  in  mid-December  1996 

can  be  attempted  by  differencing  the  GPS  and  NNSS  data.  Average  GPS  data  were 
produced  by  averaging  values  from  each  latitude  band  for  one  hour  periods  of  the 
IPP  local  time.  The  difference  between  the  average  GPS  vertical  TECs  and  any 
NNSS  vertical  TEC  values  that  fell  within  the  appropriate  period  were  taken.  When 
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Ionospheric  Penetration  Point  Local  Time  (hours) 

Fig.  3.  Hourly  average  GPS  minus  NNSS  vertical  TEC  for  the  21  days  of  data  available 

in  June  1996 


Ionospheric  Penetration  Point  Local  Time  (hours) 


Fig.  4.  Average  GPS  vertical  TEC  for  the  21  days  of  data  available  in  June  1996 


looking  at  different  ionospheric  latitude  bands  using  GPS,  there  is  a  contribution 
to  each  band  from  different  L-shells.  Those  regions  observed  when  looking  in  the 
overhead  latitude  band  and  that  one  degree  to  the  north  of  Aberystwyth  have  been 
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grouped  together  as  North  measurements.  Those  regions  observed  when  looking 
in  a  two  degree  latitudinal  band  to  the  south  of  the  station  have  been  grouped 
together  as  South  measurements.  It  is  expected  that  as  GPS  signals  from  the  South 
region  will  have  passed  through  lower  protonospheric  L-shells  than  those  from  the 
North  region,  so  the  protonospheric  content  to  the  South  should  exceed  that  to  the 
North.  Figure  3  shows  the  average  of  the  difference  between  the  GPS  and  NNSS 
vertical  TEC  measurements  for  the  21  days  when  both  NNSS  and  GPS  data  were 
available  in  June  1996.  The  points  with  standard  deviation  error  bars  are  those 
hourly  average  values  where  more  than  five  NNSS  passes  were  used  to  calculate 
the  average.  For  observations  to  the  South,  the  difference  is  always  higher  than 
for  observations  to  the  North,  confirming  the  interpretation  of  the  greater  plasma 
content  on  the  lower  L-shells.  A  distinct  minimum  in  the  difference  can  be  seen  in 
the  8  to  10  IPP  local  time  period,  with  maximum  values  apparently  occurring  well 
after  midday,  though  lack  of  available  NNSS  passes  limits  the  diurnal  coverage  of 
the  plot.  This  variation  in  the  value  of  the  difference  throughout  the  day  does  not 
relate  directly  to  the  average  GPS  values  for  the  period  shown  in  Fig.  4,  which  are 
dominated  by  the  ionospheric  variation. 

Figure  5  shows  the  average  of  the  difference  between  the  GPS  and  NNSS  vertical 
TEC  data  for  21  days  of  common  measurements  in  November  1996.  Here  again  for 
observations  to  the  South  the  difference  is  always  higher  than  for  those  to  the  North. 
The  difference  in  electron  content  when  looking  to  the  South  is  generally  about 
4  *  1016m~2  with  little  clear  evidence  of  the  form  of  a  diurnal  variation.  However,  in 
the  period  before  midnight  the  differences  looking  North  are  much  less  then  those 
of  the  South  values.  Results  from  a  similar  analysis  for  27  days  in  December  1996 
are  shown  in  Fig.  6.  The  behaviour  generally  confirms  that  found  in  November, 
with  larger  separations  between  the  two  sets  of  measurements  later  in  the  day. 

Another  method  of  assessing  the  protonospheric  contribution  to  the  GPS  ob¬ 
servations  is  to  perform  a  linear  regression  of  GPS  vertical  TEC  values  on  the 
corresponding  NNSS  TEC  values.  Equation  (1)  indicates  that  this  linear  fit  should 
have  a  unity  gradient  and  positive  intercept.  Figure  7  shows  such  an  analysis  for 
the  data  in  the  one  degree  latitude  band  above  Aberystwyth  in  June  1996.  It  can 
be  seen  that  the  gradient  in  Fig.  7  is  close  to  unity  while  the  intercept  is  about 
1.8  •  1016  m~2.  Lines  of  unity  gradient  were  fitted  to  the  data  for  each  monthly 
ionospheric  latitude  band  and  the  intercepts  calculated,  the  results  of  this  analysis 
for  June,  November  and  December  1996  are  shown  in  Fig.  8.  It  can  be  seen  that  the 
magnitude  of  the  intercept  increases  with  decreasing  latitude.  This  result  confirms 
the  interpretation  that  ray  paths  at  lower  latitudes  intersect  flux  tubes  at  lower 
L-shells  containing  proportionately  greater  electron  content.  It  can  also  be  noted 
that  the  values  were  greater  in  the  winter  months  than  for  June. 

The  GPS  measurements  were  made  over  a  range  of  ionospheric  latitudes  so 
that  it  was  possible  to  estimate  the  difference  between  the  equivalent  vertical  GPS 
TEC  for  different  latitude  bands.  The  differences  between  the  average  GPS  TEC 
for  the  band  above  Aberystwyth  and  those  bands  one  degree  to  the  south  and 
to  the  north  were  obtained.  The  results  plotted  in  Figs  9  and  10  are  for  June 
and  December  respectively,  with  error  bars  denoting  the  standard  deviation  of  the 
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GPS  -  NNSS  vertical  TEC,  November  1996  60  minute  bin 


Ionospheric  Penetration  Point  Local  Time  (hours) 

Fig.  5.  Hourly  average  GPS  minus  NNSS  vertical  TEC  for  the  21  days  of  data  available  in 

November  1996 


GPS  -  NNSS  vertical  TEC,  December  1996  60  minute  bin 


Ionospheric  Penetration  Point  Local  Time  (hours) 


Fig.  6.  Hourly  average  GPS  minus  NNSS  vertical  TEC  for  the  27  days  of  data  available  in 

December  1996 
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GPS  and  NNSS  vertical  TEC,  June  1996,  60  min  bin,  latitude  52.4. 


NNSS  Vertical  TEC  (10**16  m**-2) 


Fig.  7.  Straight  line  fit  through  the  GPS  and  NNSS  vertical  TEC  values  for  data  collected 
in  June  1996  in  the  ionospheric  latitude  band  over  Aberystwyth 

Intercepts  of  unity  gradient  line  fits  for  GPS  vs  NNSS  vertical  TEC,  1996 


50.4  51.4  52.4  53.4 

Ionospheric  Penetration  Point  Latitude 


Fig.  8.  Intercepts  of  unity  gradient  fits  to  NNSS  vs  GPS  vertical  TEC  data  for  three  months 

in  1996 
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Latitudinal  difference  in  vertical  GPS  TEC,  June  1996  60  minute  bin 


Ionospheric  Penetration  Point  Local  Time  (hours) 

Fig.  9.  Difference  between  the  average  GPS  vertical  TEC  over  Aberystwyth  and  the  one- 
degree  latitude  bands  to  the  north  and  south  of  the  station  for  the  21  days  of  data  available 

in  June  1996 


Latitudinal  difference  in  vertical  GPS  TEC,  December  1996  60  minute  bir 


Ionospheric  Penetration  Point  Local  Time  (hours) 

Fig.  10.  Difference  between  the  average  GPS  vertical  TEC  over  Aberystwyth  and  the  one- 
degree  latitude  bands  to  the  north  and  south  of  the  station  for  the  27  days  of  data  available 

in  December  1996 
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values.  Again  it  can  be  seen  that  there  is  more  electron  content  to  the  south, 
though  it  must  be  recognised  that  this  estimate  based  on  GPS  measurements  alone 
contains  contributions  from  both  ionospheric  gradients  and  the  influence  of  the 
protonosphere. 

The  results  presented  here  are  for  solar  minimum.  It  is  possible  that  the  protono- 
spheric  electron  content  may  be  greater  at  solar  maximum  so  that  better  resolution 
of  the  difference  in  the  vertical  TEC  between  GPS  and  NNSS  for  the  different 
latitudinal  bands  should  become  possible. 

5.  Conclusion 

It  has  been  shown  that  the  difference  between  measurements  of  vertical  TEC 
from  GPS  and  NNSS  satellites  has  the  potential  to  monitor  the  electron  content 
of  the  protonosphere.  From  this  initial  study  it  appears  that  the  influence  of  the 
protonospheric  electrons  upon  the  GPS  signals  increases  as  the  ionospheric  intercept 
latitude  of  the  GPS  ray  path  decreases. 

Studies  of  this  kind  are  of  importance  not  only  to  understand  the  physical  be¬ 
haviour  of  the  protonosphere,  but  also  for  applications  using  GPS  radio  transmis¬ 
sions.  For  example,  use  of  only  a  single  frequency  GPS  signal  for  navigation  purposes 
may  require  the  effects  of  the  ionosphere  to  be  removed  by  an  ionospheric  model 
that  has  no  protonospheric  component.  Further  investigation  is  necessary  to  char¬ 
acterise  the  protonospheric  electron  content  and  its  variation  both  for  geophysical 
understanding  and  for  propagation  applications. 
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A  COMPARISON  BETWEEN  THE  TEC  COMPUTED 
USING  GPS  AND  IONOSONDE  MEASUREMENTS 

R  Warnant1  and  J  C  Jodogne2 


At  Dourbes  (in  Belgium),  an  ionosonde  operated  by  the  Royal  Meteorological  In¬ 
stitute  of  Belgium  produces  an  electron  concentration  profile  up  to  the  maximum  of 
the  F2  layer.  The  Royal  Observatory  of  Belgium  has  installed  a  Turbo  Rogue  GPS 
receiver  on  the  same  site.  The  ionosonde  measurements  are  used  to  compute  the 
ionospheric  electron  content  (IEC)  above  Dourbes:  in  a  first  step,  numerical  integra¬ 
tion  of  the  measured  bottomside  electron  concentration  profile  gives  the  bottomside 
part  and  in  a  second  step,  analytical  integration  of  a  Chapman  function  modelling 
the  topside  electron  concentration  profile  gives  the  topside  part;  the  parameters  of 
the  Chapman  function  are  evaluated  using  the  information  contained  in  the  mea¬ 
sured  bottomside  profile.  This  IEC  is  compared  with  the  TEC  obtained  by  GPS  on 
a  period  of  2  years  (1995  and  1996).  We  show  that  the  results  of  both  methods  are  in 
very  good  agreement:  the  mean  and  the  standard  deviation  of  the  differences  between 
the  TEC  (GPS)  and  the  IEC  (ionosonde)  computed  for  this  period  are  respectively 
0.46  TECU  and  1.72  TECU. 

Keywords:  GPS;  ionosonde;  ionosphere;  TEC;  total  electron  content 


1.  Introduction 

A  long  time  ago,  the  dual  frequency  radio  signals  emitted  by  the  NNSS  satellites 
have  been  used  to  measure  the  total  electron  content  (Leitinger  1975).  As  these 
satellites  are  reaching  the  end  of  their  life,  geophysicists  have  to  rely  on  another 
way  to  compute  the  TEC. 

GPS  code  and  phase  measurements  can  also  be  processed  in  order  to  estimate 
the  TEC  with  a  precision  of  2-3  TEC  units  (Warnant  1997). 

At  Dourbes  (Belgium),  a  Turbo  Rogue  GPS  receiver  is  collocated  with  an 
ionosonde  operated  by  the  Royal  Meteorological  Institute  of  Belgium.  In  this  pa¬ 
per,  we  make  use  of  this  collocation  to  compare  the  GPS  TEC  with  the  ionospheric 
electron  content  (IEC)  obtained  from  ionosonde  measurements.  The  results  of  the 
comparison  between  two  completely  independent  methods  gives  an  indication  of  the 
GPS  TEC  accuracy. 


2.  GPS  TEC  determination 

At  the  Royal  Observatory  of  Belgium,  a  procedure  has  been  developed  in  order 
to  compute  the  TEC  from  GPS  measurements.  This  method  is  explained  in  details 
in  Warnant  (1996)  and  Warnant  (1997).  In  this  paragraph,  we  only  summarize  the 
main  steps  of  the  procedure. 


1Royal  Observatory  of  Belgium,  Avenue  Circulaire  3,  B-1180  Brussels,  Belgium,  e-mail: 
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The  TEC  computation  procedure  is  based  on  the  so-called  geometry-free  com¬ 
binations  of  GPS  code  (P^gf)  and  Phase  measurements: 


(1) 


p,GF  -  *p,Ll 


fL2  P’L2 


(2) 


with 

P*  L1,  pi  L2  the  LI,  L2  code  measurements  made  by  receiver  p  on  satellite  i; 

&  L1 ,  the  LI,  L2  carrier  phase  measurements  made  by  receiver  p  on  satellite 

»; 

fLi,  /l2  the  frequency  of  the  LI,  L2  carriers. 

These  equations  can  be  rewritten  in  function  of  the  total  electron  content,  TEC*: 


Pp,GF  =  -1*05  •  10"17TEC;  +  {DGP  -  DGl)  (3) 

K,Gf  =  -5.52  •  10_17TECp  +  NIgF  (4) 

with 

Np  GF  a  real  ambiguity; 

TECp  slant  TEC  measured  along  the  path  going  from  satellite  i  to  receiver  p ; 

DG *,  DGP  the  satellite  i  and  receiver  p  differential  group  delays. 

In  practice,  the  TEC  is  extracted  from  Eq.  (4);  the  ambiguity  N}>GF  is  solved 
with  the  following  combination  of  geometry-free  code  and  phase  measurements: 


(5) 


with  Xli  the  LI  carrier  wavelength. 

To  be  able  to  solve  the  ambiguity  NFGF  from  Eq.  (5),  we  have  to  estimate  the 
so-called  receiver  and  satellite  differential  group  delays;  the  existence  of  these  biases 
is  due  to  the  fact  that  the  two  GPS  frequencies  undergo  different  propagation  delays 
inside  the  receiver  and  satellite  hardware.  The  uncertainty  on  these  biases  is  the 
largest  error  encountered  when  computing  the  TEC  with  GPS  measurements;  they 
are  obtained  from  Eq.  (3)  where  the  TEC  is  modelled  by  means  of  a  simple  poly¬ 
nomial  in  latitude  and  local  time.  In  this  procedure,  we  assume  that  the  ionosphere 
is  a  layer  of  infinitesimal  thickness  located  at  a  height  of  350  km;  the  intersection 
between  the  satellite  line  of  sight  and  this  layer  is  called  the  ionospheric  point;  as 
GPS  satellites  are  observed  with  different  elevation  angles,  the  TEC  values  com¬ 
puted  using  GPS  measurements  are  representative  of  the  state  of  the  ionosphere  at 
the  ionospheric  points.  All  these  ionospheric  points  have  a  latitude  and  a  longitude 
(or  a  local  time).  For  this  reason,  GPS  measurements  allow  to  compute  TEC  pro¬ 
files  in  function  of  latitude  and  longitude  (or  local  time).  For  example,  24  hours 
of  observations  collected  at  Brussels  in  Belgium  (latitude  =  50.8°N,  longitude  = 
4.4°E)  allow  to  compute  the  TEC  from  35°  to  60°N  in  latitude  and  from  20°W  to 
25°E  in  longitude. 
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In  this  work,  we  compare  the  TEC  obtained  using  GPS  observations  and  vertical 
sounding  measurements.  For  this  reason,  we  have  to  compute  a  GPS  TEC  value 
representative  of  the  ionosphere  above  the  observing  GPS  station.  In  order  to  do 
that,  we  apply  the  following  procedure: 


1.  We  select  all  the  TEC  values  corresponding  to  an  ionospheric  point  of  which 
the  latitude,  Liono,  is  given  by: 

Lsta-1.5°<Liono<L8ta  +  1.50 


with  Tgtaj  the  latitude  of  the  observing  station. 

As  the  height  of  the  ionospheric  point  is  350  km,  this  selection  means  that  we 
restrict  the  geographic  dispersion  to  ±175  km  from  the  ionospheric  station. 
This  is  to  be  compared  with  the  correlation  distance  of  ±200  km  generally 
admitted  in  ionospheric  studies. 


2.  We  compute  the  mean  of  all  these  TEC  values  for  15  minute  periods. 


3.  Ionospheric  electron  content  computation 

An  ionosonde  measures,  N(h),  the  electron  concentration  profile  as  a  function 
of  the  altitude,  /i,  up  to  the  peak  of  the  F2  layer.  This  part  is  called  the  bottomside 
profile;  the  electron  concentration  profile  above  the  peak  of  the  F2  layer  is  called 
the  topside  profile.  As  the  topside  profile  cannot  be  measured  by  the  ground-based 
ionosonde,  it  has  to  be  modelled  up  to  the  altitude  of  the  GPS  satellites  (i.e.  20 
200  km). 

Several  analytical  functions  were  tried:  parabola,  Epstein  functions,  Chapman 
functions.  The  determination  of  the  function  parameters  is  not  trivial  as  no  protono¬ 
sphere  indice  is  internationally  recognised.  The  use  of  information  from  the  bot¬ 
tomside  seems  to  give  adequate  results  (Wang  et  al.  1994).  The  simplest  way  is  to 
normalize  the  function  by  the  value  of  the  maximal  concentration.  The  Epstein  and 
Chapman  functions  appear  to  give  very  similar  results  as  they  produce  almost  the 
same  profile.  In  practice,  the  topside  profile,  iVr(h),  is  modelled  using  a  Chapman 
function  as  it  is  “more”  related  to  the  physics: 

NT{h)  =  JVmax  exp(l  -  z  -  exp(-«)) 

with 

_ {h  —  /lmax) 

*  -  Hf 

hmax,  Nmax  the  altitude  and  the  density  at  the  maximum  of  the  F2  Layer 
Ht  is  the  topside  profile  scale  height. 

The  remaining  parameter,  the  scale  height,  is  obtained  using  information  coming 
from  the  bottomside  profile.  Many  ways  to  fix  it  were  explored.  The  method 
adopted  takes  care  of  the  fact  that  near  the  top,  the  scale  height  does  not  change 
significantly  as  the  temperature  remains  constant.  Ht  is  chosen  as  the  mean  of 
the  scale  heights  computed  at  3  points  of  the  bottomside  profile:  these  points  are 
located  at  88%,  90%  and  92%  of  iVmax. 
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4.  Results 


GPS  and  ionosonde  derived  TEC  have  been  compared  in  a  period  of  2  years 
(1995  and  1996).  Figures  1  and  2  show  GPS  and  ionosonde  TEC  for  6  days.  All 
the  differences  TEC  (GPS)  minus  IEC  (ionosonde)  for  the  years  1995  and  1996  are 
plotted  in  Fig.  3.  Figure  4  shows  that  these  differences  are  normally  distributed. 
The  mean  and  the  standard  deviation  of  these  differences  computed  for  these  two 
years  are  respectively  0.46  TECU  and  1.72  TECU. 


8.00  — , 


DAY  DC 2/96 

9 


IEC 

TEC 


0.00  - T - p - 1 - T - f  T  j— T  | 

284.00  284.20  284.40  284.60  284.80  285.00 


Fig.  1.  Comparison  between  TEC  and  IEC  for  3  days  (days  of  year  062,  284,  364)  in  1996 
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Fig.  2.  Comparison  between  TEC  and  IEC  for  3  days  (days  of  year  047,  282,  322)  in  1995 

5*  Conclusions 

In  this  paper,  we  give  an  estimation  of  the  GPS  TEC  accuracy  by  comparing  it 
with  the  IEC  computed  from  ionosonde  measurements:  the  mean  and  the  standard 
deviation  of  the  differences  TEC-IEC  computed  for  two  years  (1995  and  1996)  are 
respectively  0.46  TECU  and  1.72  TECU.  The  IEC  is  obtained  by  integration  of 
the  electron  concentration  profile  up  to  the  altitude  of  the  GPS  satellites.  The 
bottomside  profile  is  measured  by  the  ionosonde;  the  topside  profile  is  modelled  by 
a  Chapman  function;  the  parameters  of  this  function  are  computed  from  information 
measured  by  the  ionosonde: 
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Fie.  3.  Difference  TEC-IEC  durine  2  years 


Fig.  4.  Distribution  of  the  differences  TEC-IEC 

1.  the  scale  height  is  chosen  as  the  mean  of  the  scale  heights  computed  at  3 
points  of  the  bottomside  profile:  these  points  are  located  at  88%,  90%  and 
92%  of  Nm ax. 

2.  The  function  is  normalized  by  the  value  of  maximal  concentration. 
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